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Abstract

Climate change and the energy transition are driving an ongoing and accelerating fundamental
policy shift in Scotland’s energy industry from coal and hydrocarbons to renewables including
hydroelectric, geothermal, offshore wind and to research into underground storage and the
pathways to long term carbon sequestration. This chapter focuses on the application of Scotland’s
geology to this change. Scotland’s mineral potential is re-evaluated with a focus on critical materials.
The acquired knowledge and legacy of the coal and hydrocarbon extraction in the Central Belt and
the offshore hydrocarbon infrastructure provide the opportunities for a re-purposing of former
industrial activity to assist carbon reduction strategies. The impact of climate change and
environmental contamination on groundwater supplies are highlighted. In addition, exploration of
deep geothermal power and expanding hydroelectric pump storage schemes remain potential
options that contribute to a resilient mixed energy economy.

Scotland’s earth resource including minerals, hydrocarbons, water and hydro energy has for many
centuries provided a driver for population and economic growth. The nature of the onshore geology
with key rock formations underlying the Central Belt of Scotland has led to a long term relationship
with extracting fossil carbon from the subsurface. The first written records relate to Newbattle
Abbey (near Dalkeith) to permit surface coal mining in the 13" century. Subsequently, coal, oil-shale
and offshore oil and gas production fuelled Scottish industrial technology and development though
the 19th and 20th centuries. However, in the past twenty years there have been successive
environmental drivers to reduce CO;and other emissions, which along with policy changes have
impacted the way these high carbon geological resources are used.
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High carbon emission industries are now in decline with a refocussing towards cleaner, low carbon
renewable resources and technologies. The current Climate and Energy Policies of the Scottish
Government (Scottish Government 2018a,b; 2021) aim for a greener, fairer and more equal society
and economy bound by an ambitious legislative framework for emission reduction. The current
stated goal is to generate 50% of overall energy consumption from renewable sources by 2030 with
a target of NetZero carbon emissions by 2045.

This is accelerating the ongoing and fundamental shift in policy and transitions in the energy industry
from hydrocarbons to hydroelectric, geothermal, offshore wind and to research into underground
storage and the pathways to long term carbon sequestration. It requires an integrated approach
with a focus not only on local energy and resources to reduce carbon footprint but also an
understanding of the cyclical economy of material flows (e.g. carbon and metals) and associated
environmental costs.

In a similar vein, whilst Scotland’s mineral and metal resources are varied and well known, they are
mostly small in world terms. However, issues of security of supply chains and the growing demand
for critical materials to underpin the energy transition have the potential to stimulate a revaluation
of these resources. The other key driver on resources is climate change with increasing frequency of
periods of drought impacting upon groundwater and hydropower potential (SEPA 2015b).

How does Scotland’s geology help underpin the energy transition and resilience to climate change?
The expanding use of renewable energy, particularly wind has resulted in a move to more upland
and often remote areas of Scotland and to the near offshore where geology has a role in predicting
foundation conditions. The acquired knowledge and legacy of the coal and hydrocarbon extraction in
the Central Belt and the offshore hydrocarbon infrastructure provide the opportunities for a re-
purposing of former industrial activity to assist carbon reduction strategies. In addition, expanding
hydroelectric pump storage schemes and exploration of deep geothermal power remain potential
options that contribute to a resilient mixed energy economy.

Recognising these changing demands on Scotland’s earth resources this chapter is divided into 3
sections.

The first section looks at resource extraction focusing initially on Scotland’s non-carbon resources. In
terms of minerals (C Rice), bulk and crushed aggregates dominate the quarry sector with
underground mining activity focused on barite, gold and silica sand. Increasing reliance on silica sand
for glass to decarbonise plastic container use highlights the importance of this resource. In contrast
to previous editions the main part of this section focusses on Scotland’s potential for research into
and sourcing critical materials. The security and pressure of supply of these materials are judged
essential for arresting global warming and for new communications and industrial technologies. The
effects of the energy transition and planned move to Net Zero emissions is perhaps most evident in
the Central Belt. Here the repurposing of data and knowledge on the geology and history of
exploration and extraction for conventional coal and onshore hydrocarbons has supported recent
assessments for unconventional coal resources (M Smith & A Monaghan) though further
development is unlikely under current policies. Although in decline, offshore hydrocarbons (D Jones
& M Smith) have sustained the UK economy for the last five decades and their contribution to
Scotland’s and the UK’s energy security will continue for some time with activity focussed on
challenging new prospects in the NW Atlantic margin and smaller subsidiary fields in the North Sea.

The second section considers the role of geology in limiting undesirable emissions through resource
injection and energy storage. Understanding how the subsurface will perform as a recipient of
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energy or gas for climate mitigation is key to our decarbonisation strategy. Research that started in
the early 2000s on Underground Carbon Capture and Storage (UCCS) (S Haszeldine) has evolved
from onshore settings to the utilisation of offshore abandoned oil and gas fields. In this the
underground storage of compressed hydrogen and air is a new and growing area of research.

In the third and final section addresses renewable resources. We review the potential for
geothermal energy where heat derived from deep within the earth (M Gillespie) and from solar
energy that is absorbed by the ground and distributed via groundwater systems or from shallow
water bodies such as abandoned mines (A Monaghan). Deep geothermal energy has the potential to
produce substantial amounts of electricity and/or heat, but requires improved understanding of the
size and distribution of the heat resource beneath Scotland to underpin the development of viable
energy extraction systems. Also, the re-purposing of deep coal mines in former industrial areas
provides possibilities for low enthalpy urban heating. Included under this section are Scotland’s
groundwater resources (P Butler) and the control of geology on extraction and aquifer protection in
a changing climate regime. Concerns over the legacy of mining in the Central Belt with rising mine
waters and climate change resulting in drought highlight the need for robust groundwater
protection and monitoring. Finally, the role of geology in underpinning design and construction of
pump storage hydropower schemes (M Smith) in the vicinity of the Great Glen Fault and the
importance of understanding tectonics and local stress fields is briefly described.

SCOTLAND’S EXTRACTIVE INDUSTRIES & THE ENERGY TRANSITION

Minerals

For its size Scotland contains a remarkable range of mineral deposits in keeping with its geological
diversity. These are reviewed in the 4th edition of the Geology of Scotland (Rice 2002) and numerous
publications and open file reports from the BGS and Academia. This section will focus on those that
are of current and possibly future economic interest. For a listing of all of Scotland’s mineral deposits
and details of those not described here the reader is referred to Rice (2002) and references therein.

Without doubt the current market leader is aggregate in which Scotland is self-sufficient and which
is critical for maintaining and developing the built environment. For industrial minerals the world
class deposits of barite at Aberfeldy that have been mined since 1984 remain pre-eminent.
Exploration interest in the last two decades has concentrated on precious metals but only minor
discoveries have been made. Balancing this disappointment has been the eagerly awaited start in
2020 of production at the UK's only active gold mine at Cononish near Tyndrum.

While Scotland is well endowed with resources of aggregate, some industrial minerals and building
stone, the potential for important new mineral discoveries is low without significant advances in
exploration models and techniques and/or changes in supply and demand. However, within the last
few years a combination of global factors has stimulated a new era of exploration, which justifies a
re-evaluation of Scotland’s mineral potential. These factors are a rapidly accelerating global trend
towards de-carbonisation, the advent of new technologies for energy sources, communications and
industrial processes and rising international tensions. In turn they have led to increasing concerns
over the security of mineral supply chains and intense interest in a small group of critical metals
(Gunn 2014) now more generally described as critical materials i.e. materials used in technology that
are subject to supply risk and for which there are no easy substitutes. These minerals and metals are
likely to play a vital future role in global economies and are described below.

Aggregates
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Aggregates are a familiar and essential part of modern life. They are the start of a supply chain that
ends in the construction and maintenance of many key aspects of the built environment, including
housing, roads, bridges, airports, railways and windfarms. After hydrocarbons, aggregates are the
highest value sector of the UK extractives industry. In 2019 the value of aggregate produced was
about £2.5 billion compared to about £26.5 billion for hydrocarbons (Bide et al. 2020).

In the past sands and gravels were the main source of primary (natural) aggregates but since 1969
these have been superseded by crushed hard rock (Gribble 2002). Since road transport costs are
high in relation to value of product, sources are generally within about 50 km of the construction
site. This explains the large number (over 100) and distribution of quarries in Scotland (Fig 17.1). The
ideal hard rocks are granite and siliceous metasediments which underlie much of Scotland and make
it essentially self-sufficient (Scottish Government 2020). In the central belt of Scotland, where
demand is highest, there are numerous quarries, elsewhere granite quarries previously used for
building stone have also been rejuvenated as sources of aggregate. (BGS 2008).

A good rock for aggregate should be fresh, hard, durable and have low porosity. These features are
quantified by a series of engineering tests to British Standard specifications which can be divided
into physical and mechanical tests (Gribble 2002). Specifications vary depending on specific end use.
For example, in road construction aggregate not only forms the sub base to spread the load but also
the vitally important asphalt-coated surface layer which uses the highest quality and most expensive
aggregate. This needs to be hard wearing and skid resistant.

With one exception almost all aggregates are transported by road with associated environmental
costs (air pollution, noise, dust, visual intrusion). The exception to road transport is the spectacular
coastal superquarry at Glensanda on the northern shore of Loch Linnhe, which loads aggregate
directly into bulk carriers for delivery to ports in the UK and Europe (Fig. 17.2). The quarry exploits
biotite granodiorite of the Glensanda Facies of the Strontian granite (Law et al. 2023, Ch. 8 this
volume) and is used for roadstone, rail ballast and concreting aggregate.

In 2019 Scotland produced about 23.8 Mt of crushed hard rock (about one third of this from
Glensanda) and 5.5 Mt of sands and gravels (Bide et al. 2020). Production of the former rose steadily
from around 15 Mt in 1980 to a peak of 30 Mt in 2007 just before the 2008 recession and then
declined to c.22 Mt in 2009, where it has remained broadly steady for the last decade (Fig. 17.3). In
contrast the latter has continued a steady decline beginning around 1990. Reserves in 2012 were
estimated at 534 Mt of hard rock for crushing and 85 Mt of sand and gravel (Scottish Government
2020).

Crushed aggregate

In 2014 the main rocks used for crushed aggregate were igneous and metamorphic (81%), sandstone
including greywacke (13%) and limestone and dolomite (6%) (Fig. 17.1 a - c) (Bide et al. 2020).
Crushed rock aggregate is used for roadstone (37%), various other constructional purposes such as
foundations for buildings, embankments and railway ballast (24%), concrete (13%) and other uses
requiring graded and screened aggregate (19%) (Idoine et al. 2015). To reduce transport costs the
rocks used for crushed aggregate depend to a large extent on the geology of the region (Cameron et
al. 2020).

In the Midland Valley the best rock is quartz dolerite, which has a high polishing (skid) resistance and
can be coated for road surfaces (Table 18.3 in Gribble 2002). Lower Palaeozoic greywackes are
preferred in the S. Uplands and Borders. These are hard, massive rocks which perform well in most
aggregate applications and again are highly valued for road surfacing (Gribble 2002). Granites are
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commonly used In Grampian and Highland Regions. These are excellent for high grade concrete but
the polishing resistance is too low for road surfaces. Also in these two regions Dalradian and Moine
psammites and semi-pelites, Cambrian quartzite (Ledmore) and Torridonian sandstone (Applecross)
are used for most purposes. In the islands the best available rock types necessarily include a greater
variety. Thus, in the Outer Hebrides, these include Lewisian gneiss and cataclasites from the outer
Hebrides thrust ; in Orkney, Devonian sandstone and in the Shetlands Dalradian psammites and
metaharzburgite from the ophiolite complex on Unst (Cameron et al. 2020).

Limestone is also mined from around 14 quarries for agricultural lime and aggregate for concrete,
roadstone and armourstone. These exploit Dalradian limestones such as the Blair Atholl Dark,
Permian Kelhead limestone breccia and Cambro-Ordovician Durness Group dolostones (Cameron et
al. 2020). Cement is essential for making concrete and thus vital for the construction industry as a
whole. Its manufacture is energy intensive and produces large amounts of CO,, about 7% of man-
made emissions globally (Cement Raw Materials 2005). Recycling of concrete aggregate as part of
the circular economy is therefore important to protect the environment. Scotland has one cement
manufacturer at Dunbar, East Lothian (Tarmac Ltd.), which uses very pure Carboniferous limestones
(Upper Longcraig and Middle Skateraw beds) and some of the intervening mudstones for the silica
component.

Sands and gravels

These are derived from a variety of Pleistocene and Holocene deposits including glaciofluviatile
sheet and ice contact deposits, moraine, blown sand, river terraces and raised beaches (Cameron et
al. 2020; BGS Industrial Mineral Assessment reports on sand and gravel Scotland). They are generally
lower quality than crushed aggregate and cheaper but are acceptable for most engineering
applications. However, there are few workable deposits now within 40 miles of the major Scottish
cities and new projects are subject to demanding environmental regulations, which erode the cost
advantage. Currently sand and gravel extraction is centred on west central Scotland and Tayside and
Fife (Fig. 17.1d) (Scottish Government 2020b).

Building stone

Stone has been used for building purposes in northern Europe from at least Neolithic times (c. 3 500
BC) the age of the oldest known stone building, a farmstead at Knap of Howar in Orkney (Ritchie et
al. 1983). By the 13" century dressed stone from field boulders, outcrop and a few local quarries
was being used for cathedrals, abbeys, castles and palaces. Sandstone, a relatively soft rock, was the
principal choice, for example Glasgow Cathedral consecrated in 1197, but an interesting exception is
St Machar Cathedral in Aberdeen built in the 15 century largely of granite despite it being hard and
difficult to work at the time.

The building industry expanded rapidly during the Industrial Revolution and peaked in the late 19"
and early 20" centuries. It employed tens of thousands of people spread over a few thousand
quarries and was of significant economic importance (Gillespie & Tracey 2016). Granite was the
hardest and most durable stone and once the industry was mechanised for cutting and polishing,
granite was the rock of choice for harbours, lighthouses, bridges and many fine buildings. During this
period Aberdeen became the world's main exporter of granite. At least half of Aberdeen’s buildings
are of stone from the huge Rubislaw quarry which was worked for about 200 years and closed in
1971 having reached a depth of c. 450 ft (Donnelly 1994).

During the 18" and 19" centuries the modern centres of Scottish cities were built and have left a
rich heritage of stylish streets and town houses and great buildings of state, religion and commerce.
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Initially Carboniferous (Upper Limestone Fm.) ‘Blonde” sandstones from the Giffnock, Bishopbriggs
and Craigleith quarries were used for Edinburgh New Town and Victorian Glasgow. Later (post 1890)
once the railways had arrived more distant and more durable rich "Red” Permian sandstones from
Dumfries and Galloway were used, for example Kelvingrove Museum and Art Gallery (Fig. 17.4a). A
rare survivor from those days and now the largest building stone quarry in Scotland is Locharbriggs,
which still supplies Dumfriesshire ‘red’ sandstone. The widespread use of granite in the northeast of
Scotland is exemplified by Aberdeen’s Marischal College, allegedly the second largest granite
building in the world (Fig. 17.4b). Triassic sandstone from Hopeman has also been used extensively,
for example the National Museum of Scotland in Edinburgh. By the early 20" century the decline had
begun driven by new cheaper materials such as brick and concrete, changes in architectural style
and the labour market and cheaper imports.

Currently around 17 quarries are active producing mainly sandstone of Devonian, Carboniferous,
Permian and Triassic age for repairs, new builds, paving and cladding (Gillespie & Tracey 2016).
Significant demand both home and abroad continues for the renowned Caithness paving flags. Two
quarries Spittal Mains and Achscrabster, are operating in the Middle ORS Spital Flagstone Fm. with a
capacity of 90 000 m?/year (A&D Sutherland 2021, pers. comm.). Overall in 2014 about 27 kilotonnes
of building stone was produced and 262 kilotonnes imported. Imports include roofing slates,
cladding to respect the stone heritage, work surfaces and fireplaces.

Clearly there is a significant demand for stone, not least to maintain the substantial stone building
heritage of around 450,000 buildings. Air pollution and more recently stone cleaning have caused
significant decay, especially of the older and more vulnerable Blonde sandstone due its carbonate
cement. A detailed survey of the problem in Glasgow indicated that 294 kilotonnes and 91
kilotonnes respectively of Blonde and Red sandstone would be needed for repairs over a 20 year
period (Hyslop et al. 2006). However, while there are probably large stone resources, there are no
significant reserves identified i.e. currently commercially viable. Nearly all historic building quarries
are disused, which creates a problem for accurately matching the different types of stone for repairs.
For example, six Blonde and four Red sandstone types have been identified for Glasgow alone
(Hyslop et al. 2006)!

Could the global events mentioned earlier trigger a revival in the Scottish building stone industry and
create significant employment opportunities? The imposition of charges for embodied carbon on
“cheap’ imports and the removal of an EU Procurement Directive post-Brexit, which worked against
the use of Scottish stone, will help. However, the indigenous knowledge and skills base, now much
reduced, would need to be substantially expanded and combined with an integrated programme of
exploration and marketing (Gillespie & Tracey 2016).

Industrial minerals

Barite: The Argyll group of the Dalradian Supergroup contains a number of horizons throughout its
outcrop variously enriched in barite, barium silicates and Fe-Cu-Pb-Zn-Ni-sulphides and investigated
in detail by the BGS (Figs. 17.5; 17.6). World class deposits of barite occur near Aberfeldy over about
7 km of strike length within the Ben Eagach Schist Fm. (Coats et al. 1981; Hall 1993; see also Prave et
al. 2023, Ch. 5 this volume). The deposits occur in two sectors along strike which are Foss (east and
west) and Ben Eagach-Duntanlich (Fig. 17.7a). Barite is used mainly as a weighting agent in drilling
fluids for hydrocarbon exploration. Some is used as heavy aggregate in dense concrete for radiation
shielding.
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The Foss sector has been mined since 1984 and, until recently, was the dominant UK producer. It is
now closed and has been replaced by a new mine at Duntanlich. At Foss barite occurs in 7 massive
beds (designated M 1-7) up to several metres thick and typically enclosed by quartz-celsian (Ba
feldspar) rock but only one barite bed M5 was exploited (Fig. 17.7b). Stratigraphic correlation is
facilitated by a thin metabasite bed underlying M3 (Moles et al. 2015). The mineralised sequence is
up to c¢. 50 m thick and tightly folded which made mining difficult and limited production to about 42
kt/year, roughly one third of the UK requirement.

The new Duntanlich mine contains a resource of at least 7.5 Mt and the planned output of up to 120
kt/year would make the UK self-sufficient (M-I SWACO 2014). The ore body is 5-13 m thick (locally 28
m) (Fig. 17.7c) and has been proved along strike for over 800 m and to a depth of at least 550 m.
Fortunately the structure, unlike Foss, is relatively simple and the ore body is steeply dipping and
tabular. It outcrops in a small quarry on Ben Eagach mined since 1990.

The barite deposits represent the oldest mineralisation in the Argyll Group (Fig. 17.6) and are coeval
with the onset of mafic igneous activity in the Dalradian basin. They have been widely interpreted as
essentially sedimentary exhalative (SEDEX) in origin and formed in fault-controlled sedimentary
basins located on the eastern margin of Laurentia during the early stages of crustal extension (Coats
et al. 1981; Hall 1993).

While the Ba is probably of scavenged from the basement by hydrothermal fluids (e.g., Russell et al.
1984) barite d34S values indicate that the sulphate is derived from seawater. These values show
remarkably little variation (d34S = 36 +/-1.5 per mil) in a thick (>250 m) sedimentary package and are
interpreted to represent contemporaneous sea water. This not only implies a substantial body of
oxygenated sea water where mineralisation is occurring, i.e. a restricted evaporitic basin is unlikely,
but also that it provides a robust “anchor point’ for the debate on the timing of oceanic oxidation in
the Neoproterozoic (Moles et al. 2015; Moles & Selby 2023; Prave et al. 2023 Ch.65 this volume).

Silica sand: Silica sands are classified as a resource of national importance and are used for glass
making, foundry casting and a wide range of other industrial, horticultural, sporting and leisure
applications. High purity silica sand is also a key component in the production of the speciality glass
required for optical fibre cables, solar panels, tablets and mobile phone screens. Currently, there is
no alternative material for glass making and demand is also likely to increase as container glass
replaces plastic. The recycling of glass is growing as the UK moves towards a circular economy and is
a key part of the glass sector decarbonisation plan as each tonne of recycled glass saves 250 kg of
CO, during the manufacturing process (Bide 2020).

Silica sands normally contain > 95% SiO2and very low levels of impurities for example iron oxides,
clay and refractory minerals such as chromite. The grain size is typically 0.1-2.0 mm. They are
produced from Carboniferous to Recent loosely consolidated sands or weakly cemented sandstones
(Bide 2020).

The UK is essentially self-sufficient and in 2018 produced 5 Mt of which about 0.6 Mt came from
Scotland (Bide et al. 2020). Scotland has significant resources and its share is likely to increase. These
are mainly located in east-central Scotland and derived largely from the Carboniferous Passage
Formation (Fig. 17.1d) (Gribble 2002 Fig. 18.2 for the stratigraphy of silica sand horizons). There are
4 active quarries at Burrowine Moor and Devilla Forrest, Fife; Levenseat, W. Lothian and Hullerhill
Kilwinning, N. Ayrshire, which exploit the Carboniferous Upper Limestone Fm. The silica sand
horizons are medium to coarse-grained, soft, friable sandstones mainly composed of quartz. An
important exception to the Carboniferous deposits is the Cretaceous White Sandstone Formation at
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Lochaline, Morvern. These have the highest purity in the UK with Fe,0s typically < 0.0085% and,
uniquely in the UK, are extracted underground from a bed up to 12 m thick. An important use for
this rare and valuable sand is in the production of silicon carbide or carborundum for abrasives and
cutting tools and other important industrial applications (electronic circuits, steel making, ceramic
brake discs). The Lochaline sands are well washed, medium-grained, near shore marine sands
deposited during the Late Cretaceous transgression, which covered most of the Highlands
(Mortimore & Long 2023, Ch.13 this volume).

Gold

Gold is a valuable commodity mostly used for wealth protection and foreign exchange and jewellery.
The top three producers in 2020 were China (368 mt), Russia (331 mt) and Australia (328 mt) (World
Gold Council 2021). In Scotland significant quantities of alluvial gold were obtained historically from
Leadhills (>25 koz) and Helmsdale (>3.5 koz), the former providing the gold for the Scottish regalia.
These placer deposits were derived by deep Palaeogene to Neogene weathering of mineralised
source rocks (e.g., granite) and then concentrated by more recent fluvial action (see review in Rice
2002). Gold is usually alloyed with other metals, especially Ag, and often contains mineral inclusions
which together may characterise the source. A regional study of Scottish alluvial gold focussing on
gold chemistry and inclusions indicates that most came from mesothermal quartz veins (Leake et al.
1997).

This style of gold mineralisation is characteristic of orogenic belts and accounts for much of the gold
mined worldwide. Most of Scotland is underlain by the Caledonides and alluvial gold is widespread,
which emphasises the potential for significant quartz vein -hosted deposits . The Late Ordovician to
early Devonian when transtensional tectonics combined with calc-alkaline igneous activity provided
a favourable setting for hydrothermal mineralisation (Rice 2002). Quartz veins are common and
some are gold-bearing. They are typically hosted by low-medium grade metamorphic rocks for
example at Cononish and the Calliachar-Urlar Burn in the Grampian terrane and in the S Uplands
terrane some are also spatially associated with late orogenic granitoids such as Hare Hill, Moorbrock
Hill and Glenhead Burn (Fig. 17.5) (Table 16.1 in Rice 2002). In the latter terrane some of these
quartz veins contain antimony another valuable commodity (see critical materials section). The
outstanding example is the Early Devonian Cononish deposit, currently being mined, is the most
important precious metal deposit in Scotland with a reserve of 555 tonnes at 11.1 g/t Au and 47.7
g/t Ag, (Scotgold Resources 2015).

The Cononish deposit is a narrow (up to 6 m) steeply dipping quartz vein system hosted by garnet
grade metamorphic rocks, which can be traced for c. 1 km along strike and is a splay fault to the
major Tyndrum fault (Fig. 17.8)(Earls et al. 1992). The deposit lies within a ¢. 15 km wide corridor
containing a network of NNE- and NNW-trending faults linked to displacement along the bounding
Tyndrum and Ericht-Laidon faults (Tanner 2014). It also contains an unusually high density of large,
up to 50 m wide quartz veins (fig. 17.8) (Tanner 2012). Six stages of mineralisation are recognised
(Spence-Jones et al. 2018). Stage 1 is represented by barren milky white quartz breccia with pyrite
(Fig. 17.9). Most of the gold is in stage 2 associated with euhedral pyrite as inclusions and in
fractures. Stages 2-4 also contain chalcopyrite, sphalerite, galena and hessite (Ag, Te). Stage 5 is a
localised post-ore alteration event. Stage 6 is significantly younger and likely equivalent to the Pb-Zn
mineralization at the nearby Tyndrum Lead Mine (Earls et al. 1992). These veins indicate the
importance of this fault network as a conduit for hydrothermal fluid and provide key insights into
the genesis of the mineralising fluids (see Topic Box below).
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Important amounts of gold are also obtained worldwide from porphyry Cu and epithermal deposits.
There are a number of late Caledonian porphyry-style deposits in Scotland. Lagalochan in Argyll and
Black Stockarton Moor in Galloway are arguably the best examples but both are currently
uneconomic. In the former, Au-Ag and Cu-Mo mineralisation are hosted by a subvolcanic complex
containing a diatreme and assorted felsic stocks, sills and dykes. At Rhynie in Aberdeenshire, and so
far unique in Scotland, there is an excellent example of an epithermal (hot spring) deposit of Early
Devonian age but the gold grades are low.

Regional studies of alluvial gold indicate that other types of gold deposit may remain to be
discovered (Leake et al. 1997). Some grains in the Leadhills area contain Ni-rich mineral inclusions
and are spatially associated with Palaeogene dykes, while others in the Thornhill basin have a
distinctive Pd-rich signature suggesting a link with Permian volcanism (see PGEs section of Critical
Materials).

TOPIC BOX: The origin of ore fluids in quartz vein-hosted gold deposits

Despite the nature of quartz vein-hosted gold deposits being well understood, the origin of the ore
fluid and the gold it contains continue to attract debate (e.g. Groves et al. 2020). Globally,
irrespective of setting, the composition of the ore fluids (low-moderate salinity and CO; rich), the
deposition temperature (300-450°C) and depth of emplacement of the gold-bearing ore (4-15 km)
are remarkably constant. These features have led to two main genetic theories which propose that
the ore fluids and gold are produced by dewatering during prograde crustal metamorphism (often
called “orogenic’ gold deposits’) or are essentially magmatic in origin. Recently a role for subcrustal
fluids has been proposed for the giant Jiaodong gold province in China (Groves et al. 2020) where
the deposits are hosted in pre-gold granites and coeval crustal metamorphism is absent. In this
respect, recent advances in dating and isotope chemistry of the Cononish deposit at Tyndrum
contribute to this debate. Unusually, at Cononish the age of the mineralisation, local magmatism and
regional deformation and metamorphism is tightly constrained. Euhedral K-feldspar crystals closely
associated with gold-bearing pyrite give an Ar/Ar age of 407 Ma (Figure. TB17) (Rice et al. 2012). The
age is identical to that of the epithermal Au mineralization at Rhynie (Mark et al. 2011), which may
be a surface manifestation of a Cononish-type system.

How does the Cononish deposit help in our understanding of the genesis of the gold-bearing
fluids? The age of 407 Ma indicates that the gold mineralization is late orogenic and was emplaced c.
65 Ma after peak metamorphism (c. 470 Ma) and c. 15 Ma after closure of the lapetus Ocean. It
correlates with the peak volume (405-410 Ma) of late orogenic granite magmatism in the Grampian
terrane ( Law et al. 2023, Ch. 8 this volume) and is identical within error to the nearby and youngest
component (Inner Starav Granite) of the Etive Plutonic Complex (Neilson et al. 2009). The age
therefore rules out the involvement of fluids responsible for Dalradian metamorphism. Studies of
the stable isotopes of sulphur show a trend of increasing d** S, through stages 2-4 of the paragenesis
from +2 per mil to +11.4 per mil (Spence-Jones et al. 2018). The high d** S of the late fluid can only
be derived from the country rocks, whereas the low d** S could be of magmatic or metasedimentary
origin (Hill et al. 2013 and references therein). As the inferred underlying rocks of the Easdale
Subgroup contain high d** S values (Spence-Jones et al. 2018) then a magmatic origin is more likely
for the early sulphur and is a plausible source for the gold. The nearby Starav Granite is an obvious
candidate for these components and for the magmatic fluids identified by Curtis et al. (1993). In such
a model we might anticipate the magmatic fluids to decline with time and mix with increasing
quantities of meteoric fluids charged with high d3* S and other metals from the underlying Easdale
Subgroup. However, given the close spatial and temporal association with crustal scale faults and
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mafic magmatism and the identification of mantle-derived helium in the Calliacher-Urlar Burn gold
mineralisation, near Aberfeldy, a contribution from subcrustal fluids cannot be ruled out (Curtis et al.
1993; Ixer et al. 1997).

Critical materials

The security of supply of a small group of so-called critical materials, judged essential for arresting
global warming and for new communications and industrial technologies, has become of paramount
importance (Gunn 2014; Hund et al. 2020). For example, decarbonisation of the energy and
transport sectors has led to a rapid increase in demand for Li-ion batteries to power electric vehicles
and domestic energy storage. For essential battery materials such as Li, Co and graphite this may
amount to a production increase of >450%/annum above 2018 levels for the next 30 years (Hund et
al. 2020). Such increases pose significant geological, environmental, social and geopolitical
challenges which will be with us for the foreseeable future. The geological challenges include finding
new mineral deposits, identifying new by-products in existing deposits and making technological
advances in processing.

The composition of the group varies a little depending on definition but the one used by the
European Commission (EU 2017) and in this chapter comprises a group in which the UK/EU are
almost wholly dependent on imports. These are: Be, Co, fluorspar, Ga, Ge, graphite, In, Mg, Nb, PGE,
REE, Sb, Ta and W to which Li has been added here. The most common industrial uses are in
batteries, specialist alloys, catalysts, magnets and electronics.

Like all mineral deposits the formation of critical materials is governed by geology and frequently
one or a small number of countries may dominate both the production and the refining of the ore,
since few countries have the technology to do both. Inevitably this leads to complex supply chains
which are vulnerable to disruption and supply shortages. The human race is now learning at first-
hand how quickly supply shortages can be caused by disasters such as pandemics, climate change
and war and how difficult it is to find new supplies. Risks are compounded by low recycling rates and
few substitutes in some cases (British Geological Survey 2015).

The above mentioned risks together with concerns over the environmental damage caused by long
supply chains, has stimulated a search for alternative more secure and environmentally friendly
supplies. These considerations lead to self-sufficiency, which may bring previously sub-economic
deposits into play, and justifies a re-evaluation of domestic potential for critical materials. With the
exception of the Tellus project in N. Ireland the UK currently lacks a systematic, air-borne multi-
technique, regional approach to aid exploration, although the critical metals Co, La and Mg are
included in the BGS regional geochemical stream sediment surveys.

Below the metals and minerals are grouped into the geological settings in which they are most
prevalent: those associated with felsic magmatism (Li, Ta, Be, Nb, REE, W), with basic magmatism
(Co, PGE), with orogenic crustal fluids (Sb), sedimentary processes (Mg), industrial minerals (graphite
and fluorite) and minerals recovered as by-products only (Ge, In, Ga).

Lithium: Lithium is an excellent conductor of heat and electricity and the lightest solid element. As
such it has many chemical and metallurgical applications and importantly in the context of
decarbonisation is a key component of the eponymous batteries. The dominant producers in 2020
were Australia from pegmatites and Chile from continental brines found in salt lakes. In pegmatites
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Li is usually contained in spodumene and/or lepidolite. Rock deposits have concentrations around
0.6-1.0% Li,O and in brines around 0.1% Li>O (Evans 2014).

In the UK exploration targets for Li occur in Lower Permian (S type) granites and pegmatites in SW
England and in geothermal waters in this area. Lithium-bearing pegmatites are also found in the S-
type Leinster batholith in Eire. (Kaeter et al. 2021). It is technically possible to extract Li from oil field
brines and so North Sea reservoirs are a possible future source. Currently a systematic UK-wide
lithogeochemical survey (Li4UK) to evaluate domestic Li resources is in progress.

The most obvious target in Scotland is a pegmatite containing lepidolite, spodumene and gem
quality elbaite at Glenbuchat in Aberdeenshire (Figs. 17.5; 17.10a)(Shaw 2020b). This occurs as float
with up to 1.7% Li and extreme enrichments in Rb, Cs and Ta, indicating the prospective Li-Cs-Ta
(LCT) class of pegmatite (Cerny et al. 2005). These typically occur in km scale swarms and so the
occurrence at Glenbuchat is unlikely to be an isolated one (Shaw 2020b). Rare metal pegmatites are
commonly associated with S type granites and thought to be broadly synchronous with upper
greenschist to amphibolite facies metamorphism and so much of the Grampian terrane is
prospective (Cerny et al. 2005).

Li- bearing minerals are found in two other localities but there is no information on bulk rock Li
concentrations. The inner zone of the Late Caledonian Glen Gairn granite in Aberdeenshire (Fig.
17.5) hosts a small (c. 1 km?) highly evolved (Coilacreich) granite. This contains a suite of Li
(zinnwaldite), Sn-, W- and Mo- bearing minerals (Webb et al. 1992).

A manganiferous ironstone exploited at the Lecht mine in Banffshire contains the secondary mineral
lithiophorite. This breccia-hosted deposit has been interpreted as a "bog ore’ formed by Recent
weathering of Fe- and Mn-rich Dalradian rocks (Nicholson & Anderton 1989). The country rocks
contain up to 73 ppm Li, presumably the source for lithiophorite. Iron and Mn oxyhydroxide-bearing
veins of possible supergene origin in the Erzegibirge, Germany contain significant enrichments in Li
and, interestingly, other critical minerals and so the Lecht deposit may be worth further
investigation (Burisch et al. 2021).

Niobium: Niobium is mainly used for strengthening steel, especially at low temperatures, and has
numerous industrial uses such as in pipelines, transportation infrastructure, the automotive
industry, ships hulls and jet engines. The main ore minerals are pyrochlore and columbite. Currently
Brazil is the main producer and has about 98% of the world reserves in one deposit, which is hosted
in a carbonatite. Here the Nb content (in pyrochlore) has been upgraded by laterization (removal of
carbonate) from 1.5 to 2.5% Nb,0s and includes REEs. Niobium is also mined from columbite-bearing
rare metal pegmatites and deposits associated with peraluminous granites and alkaline to
peralkaline granites and syenites (Shaw & Goodenough 2011).

In Scotland pyrochlore (variety betafite) and columbite occur in the 25 m wide Laxfordian Chaipaval
pegmatite in S Harris (Fig. 17.5) (von Knorring and Dearnley 1960) but pegmatites of similar age
elsewhere in the Lewisian gneiss complex are barren (Shaw & Goodenough 2011). A possible
explanation for the mineralised Chaipaval pegmatite is that it resulted from partial melting of nearby
fertile Proterozoic metasedimentary country rocks. The presence of manganocolumbite in the
Glenbuchat pegmatite suggests this is also prospective for Nb (Shaw 2020a).

Weakly disseminated columbite has been discovered recently in the Proterozoic Loch Shin limestone
and attributed to mineralising fluids from a buried alkaline intrusion, possibly coeval with those at
Lochs Loyal and Borollan (Parnell et al. 2021). This raises the prospect of significant skarn
mineralisation in the NW Highlands where there are abundant carbonates. Alluvial fergusonite and



480
481

482
483
484
485
486
487

488
489
490
491
492
493
494
495
496

497
498
499
500
501
502

503
504
505
506
507
508

509
510
511
512

513
514
515
516
517
518
519
520

521
522
523

12

columbite occurs in the vicinity of the fractionated Cairngorm granite (Beer & Bennett 1988) and
fergusonite occurs in miarolytic cavities in the Arran granite (Hyslop et al. 1999)

Elsewhere potentially prospective settings give little encouragement (Shaw & Goodenough 2011 and
references therein). The alkali granites and syenites in the NW Highlands and other late to post
orogenic granitoids in the high Ba-Sr sub class north of the HBF contain low bulk rock Nb (Fowler et
al. 2008). Similarly a carbonatite in the Silurian Loch Borralan complex and fenites at several
localities along the Great Glen contain low Nb. In contrast trachytic stocks in central Scotland contain
up to 180 ppm Nb but no Nb minerals have been reported.

Tantalum: Geochemically tantalum behaves like Nb and, while enrichments occur in similar rock
types, economic deposits are associated with peraluminous leucogranites and especially LCT
pegmatites. The main ore mineral is tantalite with Brazil and Australia containing large reserves of
Ta. A significant amount of global Ta also comes from placers and pegmatites in Rwanda and the
Democratic Republic of the Congo and in these countries epitomises the problem of “conflict
minerals’. Over 50% of production is used in the electronics industry and especially for capacitors
destined for the automotive and aircraft industries, mobile phones, computers and medical
appliances. It is also used in alloys to increase strength, ductility and corrosion resistance (Shaw &
Goodenough 2011).

Columbite and tantalite are found in the Meldon aplite and in pegmatites and topaz granites
associated with the St. Austell granite in SW England (Shaw and Goodenough 2011). The main
targets in Scotland would be the same as for Li and Nb i.e. areas containing peraluminous S type
granites and LCT pegmatites and possibly the fractionated Glen Gairn granite, where quartz veins
contain wolframite highly enriched in Ta (Tindle & Webb 1989). The alkali granites and syenites in
the NW Highlands are low in Ta as well as Nb and unlikely to be prospective (Fowler et al. 2008).

Beryllium: Beryllium is a light and very stiff metal. Over 70% of production is used for Cu-Be alloys
which are ideal for electrical components in many industries such as aerospace, military and
automotive. The main ore minerals are beryl and bertrandite. Since 1969 the US has been the
dominant world producer from the unique Spor Mountain deposit, which is located within
hydrothermally altered rhyolite tuffs of Neogene age. Significant enrichments of Be are also found in
LCT pegmatites, leucogranites and granite-related hydrothermal deposits (Trueman & Sabey 2014).

Several minor occurrences of beryl have been reported in pegmatites at Struy Bridge, Knoydart and
Chaipaval and in pegmatites and druses in the fractionated Cairngorm granite (Beer & Bennett
1988). The existence of economic primary Be mineralisation seems unlikely but it could be a by-
product of a pegmatite deposit containing other critical metals.

Tungsten: Tungsten has some unique properties and is difficult to substitute. It has the highest
melting point of non-alloyed metals, the highest tensile strength above 165°C and the lowest
coefficient of expansion. Its density is similar to Au. The main uses are for hardening and
strengthening steel and other alloys over a wide temperature range and for cutting and drilling
where tungsten carbide is one of the most important compounds (Brown & Pitfield 2014). The main
ore minerals are wolframite and scheelite and most important primary deposits are associated with
granites. Significant tungsten enrichments are also found in brines, evaporites and hot springs. In
2011 China had the largest reserves and was the main producer (Brown & Pitfield 2014).

The Cornubian ore field in SW England contains the Hemerdon deposit, which is the 4™ largest
known deposit in the world. This is a stockwork and sheeted greisen vein system hosted by an
offshoot of the Dartmoor granite (Pitfield & Brown 2011). In Scotland probably the most potential
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lies in the Glen Gairn complex, which contains wolframite- and scheelite- bearing quartz veins and
wallrock (Tindle & Webb 1989). Trace quantities of wolframite and scheelite are found with
molybdenum mineralisation in a small granite near Inverurie, NE Scotland and in the Etive granite
complex (Fig. 17.5). Huebnerite and some scheelite with cassiterite occurs in quartz-fluorite veins in
the Cairngorm granite (Pitfield & Brown 2011). Conceivably, stratabound W deposits in the Dalradian
Argyll group associated with exhalative activity may exist.

Antimony: The main ore mineral is stibnite. Antimony deposits are variable in style and origin but
most economically significant deposits are sediment-hosted (clastic or carbonate) veins in orogenic
belts forming at shallow depths (<6 km) and low temperatures up to greenschist facies
metamorphism. Another important group are found in greenstone belts in veins and stockworks and
formed at deeper levels (6 -12 km). All of the above may contain significant amounts of gold and
there is considerable overlap with quartz vein-hosted gold deposits (see Topic box). China is the
dominant producer and has the largest reserves. Significant deposits also occur in Bolivia, Thailand
and Russia. Most Sb is used in flame retardants (52%), Pb-acid batteries (26%), Pb alloys (such as
solders and ammunition) and catalysts for plastic (PET) production (Schwarz-Schampera, 2014a).

Historical Sb mining in the UK is restricted to the Louisa mine at Glendinning in the S Uplands (Fig.
17.5) and the Robin Hood mine in the English Lake District. At Glendinning Silurian greywackes host
quartz-dolomite veinlets with a suite of Sb and base metal-sulphides, which overprint stratabound
As - Au mineralisation (Gallagher et al. 1983). There is a strong structural control, widespread
hydrothermal alteration and repeated brecciation and mineralisation which has been linked to a
buried minor intrusion (Duller et al. 1997). There are other examples of Sb mineralisation (often
combined with Au) in the S. Uplands and its Irish extension Down-Longford. Vein-hosted stibnite and
Au are found in a Siluro-Devonian granodiorite at Hare Hill, near New Cumnock (Fig.17.10b) and Sb
and Au enrichments are found in veins hosted by Devonian diorites and volcaniclastics at Foreburn
(summarised in Rice 2002). Vein-hosted Sb-As-Au mineralisation with a similar paragenesis to
Glendinning occurs at Clontibret in Down-Longford (Morris et al. 1986).

The style and setting of the Sb deposits in the S Uplands shows strong similarities with deposits
worldwide. It makes this terrane prospective for significant fracture-controlled and intrusion-related
Sb (and Au) deposits. It has not been systematically surveyed for Sb but much of the exploration
activity already carried out for Au is relevant (Lusty et al. 2012; Rice et al. 2018). The southwestern
end of the Dalradian terrane, where greenschist facies rocks are present may also be prospective. An
interesting regional drainage enrichment of Cu and Sb occurs around Meall Mor on the banks of
Loch Fyne and grains of stibnite and pyrite occur in concentrates (Smith et al. 1978).

Cobalt: Most cobalt is obtained as a by-product of Cu and Ni mining. The main producer in 2017 at
59% was the Democratic Republic of Congo from the Central African copper belt, which is a
Proterozoic sediment-hosted Cu deposit. The balance of primary Co comes from magmatic Ni-Cu
sulphide deposits and Ni-Co-bearing laterites. In 2017 46% was used in Li ion rechargeable batteries
and the remainder in superalloys (for example in jet engines and turbines), catalysts and magnets
(Petavratzi et al. 2019).

In the past cobalt was recovered from several Sn-Cu mines in SW England and from Triassic
sandstone-hosted Cu deposits at Alderley Edge, Cheshire. In Scotland it was mined on a small scale
with Ag at Alva from E-W-trending Permo-Carboniferous veins cutting Devonian volcanics (Hall et al.
1982; Petavratzi et al. 2019)( Fig. 17.11).
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There are a variety of possible targets in Scotland mostly associated with mafic magmatism. The
Younger Basics in NE Scotland are probably the most promising (Fig. 17.5)(Gunn 2020b). These have
been partially surveyed for Ni-Cu-Co-PGE and commercially significant grades of Co, up to ¢.2000
ppm, have been found in massive sulphides in the Knock mass (Fletcher & Rice 1989).

Silver-Co-bearing polymetallic veins at Alva and Hilderston in the eastern Midland Valley are quite
different in origin and have been compared to the famous Kongsberg deposit in Norway (Moreton et
al. 1998). These so called 5 element vein® deposits are small but may contain high grade shoots of
Ag and Co and also spectacular mineral specimens, especially of wire silver. A key factor in their
genesis is believed to be mixing between hydrocarbon -bearing fluids with metalliferous basinal or
deep basement brines (Markl et al. 2016). The former generate highly reducing conditions which
produce the distinctive suite of native metals (Co, Ag, Bi, As, Sb). Mineralisation often occurs at the
intersection of structures producing pipe-like ore bodies.

The geology of east central Scotland favours this model and while the deposits at Alva and
Hilderston have no obvious economic value there is potential for more significant mineralisation. A
concentration of Permo-Carboniferous quartz dolerite sills and dykes intruded into a Carboniferous
sequence containing oil shales potentially provides abundant sources of hydrocarbon and also heat
to cook the oil shales and power fluid circulation in an extensional setting (see below) (Fig. 17.11).
The metals could be provided by basinal brines or deep basement brines rising along major
structures such as the Ochil Fault.

The Cu- and Ni- bearing horizons in the Dalradian Argyll group (Fig. 17.5 ) (cf barite section) may
have potential for Co. For example the Coile Bhraghad and Craignure Cu mines near Inverary also
produced some Ni and contain small amounts of Co. This mineralisation may be linked to mafic
(epidiorite) intrusions (Coats et al. 1982).

The Gairloch schist belt contains Volcanic Massive Sulphide (VMS) deposits linked to mafic igneous
activity, which are potential Co sources. Samples from the Kerry Road Cu-Au deposit contain
encouraging values in the range 450-1839 ppm Co (Drummond et al. 2020). Other Lewisian
supracrustal outcrops and Lewisian basic intrusions may also be prospective. However, there are no
hardrock Co data and Ni, which is often associated with Co, is not encouraging (Coats et al. 1997).

Platinum Group Elements (PGEs): Platinum, Pd, Rh, Ru, Ir and Os are mainly produced from two
classes of deposit associated with mafic and ultramafic intrusions. These are PGE dominant and
magmatic Ni-Cu sulphide deposits where PGEs are a by-product. Limited production has occurred in
a variety of other settings including ophiolites, alkaline igneous rocks, porphyry deposits,
hydrothermal veins and breccias and unconformity-related deposits. There are a wide range of PGE
minerals including alloys and compounds with S, As, Sb, Te and Bi. Economic concentrations for PGE
dominant ores are around 5-10 ppm combined PGEs which is about one thousand times their crustal
abundance. The dominant producers in 2017 were S Africa (58%) and Russia (23%) mostly from the
giant deposits of the Bushveldt and Noril sk-Talnakh igneous complexes. Platinum and Pd have most
economic importance followed by Rh and are chiefly used as catalysts for auto emission controls
followed by various uses in the chemicals, electronics and pharmaceuticals industries and jewellery
(Gunn 2020a).

Enrichments of PGEs are widely distributed in Scotland and found variously in Ordovician layered
mafic and ultra-mafic intrusions and ophiolites, Silurian alkaline intrusions, Permo-Triassic redbeds
and Tertiary mafic intrusions. The most attractive target is the "Younger Basic" layered intrusions of
NE Scotland (Gunn 2020a) where the highest PGE enrichments are mainly found in Fe-Cu-Ni
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sulphide-rich zones. In the Arthrath mass two of these zones are hosted by orthopyroxenite and
gabbronorite. Massive sulphide contains a maximum value of 456 ppb Pd but Pt values are low (up
to 47 ppb) (McKervey et al. 2007). In the Knock mass two zones occur along structurally complex
contacts between igneous and Dalradian country rocks. Maximum values for Pd and Pt are
respectively 382 ppb and 418 ppb, although values for Pt are generally much lower (Fletcher & Rice
1989; McKervey et al. 2007).

The enrichments at Arthrath are predominantly controlled by magmatic processes, whereas at
Knock primary magmatic concentrations have been affected by substantial late hydrothermal
modification. Two main theories for sulphide precipitation have been proposed involving either
country rock contamination of magma close to S saturation (Fletcher et al. 1997) or magma mixing
between a later primitive PGE-rich magma and magmas that have already undergone a degree of
differentiation (McKervey et al. 2007).

Graphite- and pyroxene-bearing pegmatites of limited extent in the Huntly mass contain up to 677
ppb Pt+Pd (Fletcher & Rice 1989) and pre-tectonic Older Basics along the Portsoy lineament contain
smaller enrichments up to 270 ppb (Pt+Pd ) in serpentinised ultramafic rocks (Gunn et al. 1990).

In the Unst ophiolite ppm levels of PGEs occur in ultramafic rocks in the lower part of the sequence
and have attracted much interest from the BGS, academia and industry. The highest values, up to
107 ppm (Pt+Pd), are found in the Cliff area in chromite-rich dunites close to the thrust at the base
of the ophiolite (Gunn et al. 1985). A wide range of platinum group minerals (PGM) have been
identified including sperrylite (PtAs2), stibiopalladinite (Pd3Sb) and various Pt-Pd-Cu-Au alloys (Gunn
et al. 1985; Prichard et al. 1994. The majority of PGM and significant enrichments of PGE over
magmatic values are associated with the secondary minerals serpentine and chlorite, suggesting an
important role for late hydrothermal fluids in upgrading magmatic concentrations (Gunn et al. 1985;
Prichard et al. 1994).

In the Ballantrae ophiolite near Girvan Ir-Os-Ru-bearing minerals occur as inclusions in chromite and
the serpentinite matrix in the Northern Serpentinite belt (Fig. 17.5)(Power & Pirrie 2004). Rare
PGMs of a similar composition are also present in a small chromite-rich serpentinised ultramafic
mass at Corrycharmaig near Killin in Perthshire.

Widespread PGE enrichments and minerals are found in Silurian pyroxene syenite complexes at
Lochs Borralan and Ailsh (Fig. 17.5) (Styles et al. 2004). The highest values of up to 878 ppb Pt + Pd
occur over an interval of 0.5 m in one borehole located in marginal pyroxenites at Loch Borralan.
Anomalous values extend for over 2 km along this marginal zone but rarely exceed 50 ppb. The most
common PGM are sperrylite, PdSb arsenide and Pd Bi tellurides. Some PGM are late
magmatic/metasomatic but most occur in calcite veins and along grain boundaries and related to
low temperature hydrothermal activity (Styles et al. 2004).

PGE enrichments and minerals also occur in small, more mafic Late Caledonian appinite intrusions at
Talnotry in the S. Uplands (Fig. 17.5) and Sron Garbh near Tyndrum. In the former an As-rich
magmatic sulphide zone contains a diverse assemblage of PGM, dominated by sperrylite and irarsite,
and is enriched in Pt, Pd and Au (Power et al. 2004). In the latter the marginal appinitic portion of
the intrusion contains a range of Pd-bearing minerals and bulk rock enrichments of up to 0.91 ppm
Pt and 0.81 ppm Pd (Graham et al. 2017). Although appinites can contain high levels of PGE (and
other metals) their economic potential is uncertain. There is only one known sub-economic deposit
at Mordor, Australia (Howell & Blanks 2021)
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Rare Pd-bearing gold grains are found in panned concentrates from the Permian Mauchline and
Thornhill basins, Ayrshire (Leake et al. 1997). Their origin is uncertain but the metals may be leached
from Permian volcanic rocks and sediments by oxidising fluids and deposited as the fluids came into
contact with reduced strata below a basal unconformity (Leake et al. 1997). No in situ source for
these grains has been found. Similar Permo-Triassic unconformity-related Au-Pd mineralisation has
been found in S. Devon and elsewhere in Europe (Shepherd et al. 2005).

PGMs occur in layered mafic, ultra-mafic Tertiary centres on Rum, Mull and Skye. The highest grades
are found on Rum where combined PGE + Au concentrations exceeding 2.5 ppm occur in mm scale
chromite layers in the Eastern Layered Series (Fig. 17.5)(Power et al. 2000).

Rare Earth Elements: These are 17 chemically similar elements divided into light (LREE) and heavy
(HREE) rare earths. They have unusual magnetic and optical properties and many others which are
used in permanent magnets, catalysts, superalloys, phosphors, glass and ceramics. The magnets can
be tiny and extremely powerful and fit in electric motors of various sizes and thus have many
important industrial uses such as in wind turbines, smart phones and MRI scanners. The three main
ore minerals are bastnaesite, monazite and xenotime. Most deposits are associated with
carbonatites and alkaline igneous rocks. China was the main supplier (97%) in 2010 where most of
the LREEs are derived from two giant carbonatites, one of these Bayan Obo is the largest known
deposit of its type, whereas the HREEs are derived from granite weathering profiles where they are
adsorbed on clays (Wall 2014).

In the UK there are significant enrichments in late Caledonian alkaline igneous rocks in NW Scotland
and in monazite nodules in Lower Palaeozoic sediments in Wales. Minor enrichments are found in a
small carbonatite in the Loch Borralan complex, fenites and carbonatitic veins along the Great Glen
and the Arran granite in the British Tertiary province (Shaw 2020a and references therein).

Late leucosyenites in the Loch Ailsh igneous complex contain up to 3239 ppm La and 3956 Ce and in
Loch Borralan pyroxenites contain up to 739 ppm La and 1764 ppm Ce hosted by apatite (Shaw
2020a). However, the Loch Loyal Syenite Complex near Tongue contains the highest concentrations
of REEs of any intrusion in the UK (Fig. 17.5) (Walters et al. 2013). Within the complex REEs are most
enriched in the Cnoc nan Cuilean (CnC) intrusion in melasyenites and in late thin and discontinuous
biotite-magnetite veins. The latter contain up to 2 wt. % total REEs hosted by allanite (Fig. 17.10c),
the dominant REE-bearing mineral in CnC, which may contain up to c. 24 wt.% total REE oxides
(TREO). Apatite and titanite contain up to 2.2 and 4.9 wt.% TREO respectively. The parental magmas
are believed to have been saturated in REE so that REE-enriched minerals precipitated in early
melasyenites. Subsequent intrusion-related hydrothermal activity was responsible for the biotite
magnetite veins. The grades in Cnoc nan Cuilean are of economic interest but the full extent of the
mineralisation is unknown and currently there is no commercial process for extracting REEs from
allanite (Shaw 2020a).

Magnesium: Magnesium is an abundant metal and its inclusion here is purely because one country
(China) is both the main producer of dolomite and magnesite and supplier of Mg metal (84% in
2010). Magnesium is combined with Al to make super strong lightweight alloys and castings for
aircraft, cars, the military and the food and drinks industry. As magnesium oxide it is used widely in
refractory products such as furnace linings. Dolomite is the main mineralogical source followed by
magnesite and carnallite. Brines and sea water are also important. Dolomite and magnesite occur as
replacements in limestone and magnesite is an important hydrothermal alteration product of
ultramafic rocks. Carnallite is found in evaporite sequences (Neelameggham & Brown 2014).
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There is no shortage of Mg minerals in Scotland or indeed the rest of the UK. Dolomitic limestones
are widespread In NW Scotland (Cambro-Ordovician Durness limestone) and in the Carboniferous of
the Pennines and Mendips. Permian evaporites containing carnallite are a significant resource in NE
England.

However, for the next five commaodities there is no obvious potential for commercial deposits in
Scotland. For all of them China is currently an important or the most important supplier. Europe
produces minor quantities but it remains to be seen, as decarbonisation unfolds, whether these
deposits and/or substitutes can satisfy the increasing home demand at an affordable price.

Fluorspar: Two thirds of the world’s production is used for the production of HF, a base for all
fluorine compounds used in the pharmaceutical and agrichemical industries. Most of the remainder
is used as a flux in the production of steel and aluminium. Economic deposits are found mainly in
veins or replacements in carbonates where the fluorite is deposited from hydrothermal fluids linked
to diagenesis or igneous activity and is often associated with base metal mineralisation (Bide 2011).

The main UK source has been carbonate-hosted Pb-Zn veins in the Pennines but production ceased
in 2010. Two locations were examined in Scotland in the past as possible sources but have no
obvious economic significance now. These are at Abergairn in Aberdeenshire (Fig. 17.5) where
fluorite occurs with calcite and argentiferous galena in a vein cutting Dalradian schist and in the Elgin
area where fluorite occurs with galena and barite as cement and fracture coatings in Devonian to
Jurassic sandstones .

Graphite: Graphite's special properties of high electrical conductivity and melting point, resistance
to corrosion and lubricity lead to numerous industrial uses. These include battery production, the
aerospace, nuclear, petroleum and automotive industries and glass and steel making. Graphite
deposits form by the thermal and regional metamorphism of coal, petroleum and carbon-rich
sediments. The graphite varies from amorphous to crystalline and may be disseminated or vein type
(Lusty 2020).

Historically the most important graphite deposit in the UK was at Seathwaite in the English Lake
District. Graphite is widespread in the metamorphic rocks of Scotland as disseminations and thin
veins, especially in the Grampian and N Highland terranes. However, the grade is well below the
minimum of 80% now required and it only supported a few small operations in the past. These
include vein-hosted graphite in Moine metasediments at Strathfarrar, where fluids generated during
amphibolite facies metamorphism scavenged sedimentary carbon from pelitic gneisses (Fig.
17.5)(Wright et al. 2012) and the Craigman coalmine near New Cumnock, where a dolerite intrusion
has intruded coal seams and formed pockets of massive graphite (Lusty 2020).

Indium: Indium is used mainly in liquid crystal display screens followed by solders, semi-conductors
and alkali batteries. It is sourced from sphalerite as a by-product of Zn refining. The principal ore
types are massive stratiform or stratabound base metal-bearing sulphide deposits and the ores in
both contain 20-200 ppm In. Polymetallic veins are also a source of In and it was recovered during
refining of Sn ore in England pre 1991 (Schwarz-Schampera 2014b).

Germanium: Germanium is a semi-conductor and transparent to IR radiation with multiple
downstream uses in electronics and optics, for example solar panels and fibre and IR optics.
Germanium is produced as a by-product from smelting sulphide ores of Ag, Pb, Zn and Cu and
burning Ge-rich coals in power stations. Some coals and lignite may exceed 0.1% Ge. As coal fired
power stations are phased out sulphide deposits will become more important but substitutes have
been identified for a number of uses (Melcher & Buchholz 2014). The most important ore deposits
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are the same as for indium together with porphyry copper and carbonate-hosted Pb-Zn. These
typically contain up to ¢.100 ppm Ge which is concentrated in sphalerite. The Carboniferous base
metal sulphide SEDEX ores in central Ireland contain Ge but it is not being recovered (Melcher &
Buchholz 2014).

Gallium: Ga is used mainly in semiconductors for microwave circuits and also as an alternative to Hg
in thermometers because of its very low melting point (Butcher & Brown 2014). Gallium is obtained
mainly as a by-product of processing the Al ore bauxite, which contains c. 50 ppm Ga. Zinc ores
provide a small amount where the Ga content of sphalerite may reach c. 0.1%. Scotland has no
known significant bauxite deposits, but perhaps the Al smelter at Lochaber could be adapted to
recover Ga?

In summary, this review identifies the potential importance of six deposit types for critical materials
in Scotland. These include,

o Type 1. Associated with orogenic mafic-ultramafic intrusions: The outstanding example here
is the Ordovician mafic-ultramafic intrusions of Aberdeenshire for Cu-Ni-Co-PGE.

e Type 2. Associated with post collision (Late Caledonian) alkaline intermediate to ultra-mafic
intrusions: Appinites can contain high levels of PGE as well as Cu-Ni-Au and are widely
distributed in the Grampian, N Highlands and S Uplands terranes.

o Type 3. Associated with strongly reducing conditions in sedimentary basins during
continental rifting: The geology of east central Scotland is favourable to small high grade Co
(Ag) vein/pipe mineralisation.

e Type 4. Associated with LCT pegmatites and highly fractionated granites: LCT pegmatites are
an important deposit type as a source of up to four (Li, Nb, Ta, Be) of the critical metals.
Areas of greenschist-lower amphibolite facies metamorphism in the Grampian terrane
especially those containing syn- to late-tectonic S-type fractionated granites are most
prospective.

e Type 5. Associated with post collision (Late Caledonian) alkaline granites: The alkaline
granites of NW Scotland especially the Loch Loyal Syenite Complex are prospective for REE.
In addition, concentrations of niobium may occur where limestones metasomatized by
fluids from the intrusions.

e Type 6. Associated with shallow crustal fluids and/or granitic intrusions in orogenic belts:
The S Uplands terrane has potential for vein-type Sb (Au) deposits linked to high level
orogenic crustal fluids and/or felsic magmatism.

Coal and unconventional coal resources

The favourable Carboniferous stratigraphy and abundance of minable seams throughout the Central
Belt of Scotland has meant that coal has underpinned the Scottish economy since the early days of
the Industrial Revolution. Scottish mining companies were at the forefront of developing the
industry and mining techniques and with low pyritic sulphur and chlorine content, Scottish coal has
been fundamental to steel production, engineering and the dominant energy source for electrical
power generation.

Peak production occurred in the early 20™ century with the industry producing 40 x 10°tonnes/year
and has since progressively declined (Fig. 17.12). Underground exploration was effectively
completed in the late 1970s -1980s and subsequently, a switch to gas and cheaper imports led to a
reduction in demand and the progressive closure of the deep mines. When the coal industry was
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nationalised in 1947 there were 225 collieries in Scotland; the last deep mine at Longannet flooded
and closed in 2002. Open cast mining that started in the 1940s was concentrated in south Ayrshire,
the Douglas Coalfield and throughout the Central and Fife coalfields (Fig. 17.13) and followed a
similar route with major expansion in the mid-1980 to 1990s and a steady closure from 2011-2017
(Fig. 17.12). April 2017 marked the first coal-free power generation day in Scotland since 1882 and in
May 2019 the first coal-free week. Finally, the demolition of the boiler house at Longannet Power
Station in February 2021 (Fig. 17.14) symbolically marked the end of the coal industry in Scotland.

With a century and a half of mining history the extensive onshore datasets including mine plans,
borehole records and seismic surveys became an invaluable asset in promoting alternative
‘unconventional’ technologies and processes to yield gas from coal (coal gasification and coal bed
methane) in the period 1993-2014 (Jones et al. 2004; DECC 2013b). However, environmental and
societal concerns relating to groundwater pollution, seismicity and CO; emissions impact on climate
change generated negative public reaction. The Scottish Government declared a moratorium on
unconventional gas production in 2015 and underground coal gasification in 2016. In 2019 the
Scottish Government announced that the planning process would not support unconventional oil
and gas development, coal bed methane, or fracking in Scotland.

Carboniferous coals: Mineable coals extend throughout the Carboniferous (Monaghan et al. 2023
Ch. 10 this volume) and are traditionally described in terms of discrete coalfield areas with the main
concentrations within the Midland Valley and small outliers at Machrihanish in the Mull of Kintyre
and north and south of the bounding Highland Boundary and Southern Upland faults (Fig. 17.13).
Concealed coalfields extend under the Firth of Forth, out into the Forth Approaches and from
Canonbie south-westwards into the West Cumberland Coalfield of northwest England (Chadwick et
al. 1995; Waters et al. 2011). Further offshore Carboniferous coals extend out into the Forth
Approaches, and the Outer Moray Firth — South Buchan Basin (parts of Quadrants 14, 15, 20 and 21)
and are described in Carboniferous chapter. Former open cast sites mainly working Namurian coals
are concentrated in south Ayrshire, the Douglas coalfield and throughout the Central Coalfield and
Fife.

Coal-bearing strata range in age from Mid-Mississippian (Visean) to Mid-Pennsylvannian
(Moscovian) with the greatest concentration in the Serpukhovian and Bashkirian (formerly
Namurian) and Moscovian (formerly Westphalian A and B) stages (Fig. 17.15 and Fig. 10.3 in Chapter
10). In general, the younger coals of Upper Pennsylvanian age are altered and weathered by uplift
and erosion prior to the deposition of the Permo-Triassic sediments.

The coals formed in fluvio-deltaic sedimentary systems with structure and basinal setting being key
factors in their development (Monaghan et al. 2023, Ch. 10, this volume). Major thickness variations
occur across strike-slip and syn-depositional active faults and into active depocentres with
complimentary thinning across intervening highs (Monaghan et al. 2023, Ch. 10 this volume; Rippon
2002). These features not only account for the compartmentalisation of the Midland Valley into
distinct coalfields but also explain variations in seam thickness. Coal seam thicknesses are generally
1-3 m but exceptionally in east Fife, west Glasgow and in the Westfield Basin thicknesses of 8 m and
15 m have been recorded (Francis 1991) presenting different challenges during former mining. In the
deeper parts of the coalfield, mining was typically by long wall methods in areas of relatively low
dips and thick seams. Mines in shallower coals are commonly older and extracted using stoop-and-
room (or pillar-and-stall) techniques (Fig. 17.30).

Coal rank refers to the changes in geochemistry and reflectance caused by increasing thermal
maturity. The Carboniferous coals of the Midland Valley display a wide variation and often rapid
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change in coal rank from high volatile bituminous to anthracite. In addition to variations in thermal
maturation due to differential burial by younger sediments and regional variations in geothermal
gradient, proximity to igneous intrusions is a significant factor locally affecting coal rank (Murchison
& Raymond 1989; Raymond 1991). In particular, the Midland Valley Sill complex has exerted major
influence on organic maturation in the Stirling-Clackmannan area with higher ranks close to the sill
and progressive devolatilization with depth and distance to the sill (Murchison & Raymond 1989;
Raymond 1991).

The chemistry of the coals is controlled by the degree of marine influence in the depositional
environment, source area provenance (Rippon 1997) and diagenetic hydrothermal alteration
(Bullock et al. 2018). Limited marine incursions and a provenance from southerly sources have
provided Scottish coals with relatively low sulphur and chlorine content making them ideal for steel
production and coking coals for power generation. In western areas, sulphur values are generally
higher reflecting westerly source areas comparable to central and western England (Rippon 2002).

Jurassic coals: Thin bituminous coals of Jurassic age were mined on east coast of Sutherland at Brora
and are further described in Chapter 12 and summarised in Rippon (2002). The coals occur in Lower
to Upper Jurassic strata as thin bands within mudstone units up to approximately 1-1.5 m in
thickness. The Lower Jurassic Dunrobin Group unconformably overlies Permo-Triassic sediments
hosts thin (<0.5 m) coals and carbonaceous claystones. The main coals, of Callovian age are overlain
by a transgressive marine sandstone, the Brora Roof Bed. The Brora main coal is pyritic and blocky,
with high ash and sulphur content. Shallow mining started in 16" century and in the early 19
century shafts were sunk to intersect the downthrown seams west of the Brora Fault and worked by
room and pillar methods. The coal was used mainly by local brickworks and mining finally ceased in
mid-1970s (Owen 1995). Of interest, by comparison with average world values and the
Carboniferous coals of the Central Belt, the Brora coals contain higher than average values of
tellurium with enriched selenium and mercury rims to pyrite grains. Bullock et al. (2017) ascribe this
to the effect of local hydrothermal systems associated with the alluvial gold in nearby Helmsdale.

Coal bed methane (CBM): This technology extracts gas adsorbed onto coal. A well is drilled into the
coal seam and dewatering is used to reduce pressure, causing gas to be released and flow through
the fracture system of the coal. CBM wells are commonly drilled horizontally within target coal
intervals at depths > 500 m and may be hydrofractured to improve permeability. In Scotland, high
rank unmined coals in the deeper parts of the Central Coalfield, Leven Syncline and Canonbie
Coalfield were favoured targets.

Exploration licences were granted in the 1990s by the Department of Energy and Climate Change
(DECC) with early drilling by Hillfarm Coal Co. and Coalbed Methane Ltd. into the Limestone Coal
Formation of the Clackmannan Syncline at Airth near Kincardine, between 1993 and 1997. Gas
production began at 1.7 million m3/day in January 1994, declining to 170,000 m3/day and rising
again to 0.99 million m3/day in 1995 (DECC 2013b). Composite Energy took over by 2004 and
successfully drilled Airth 5-11 wells with horizontal completions by 2007. Dart Energy acquired the
licence in 2011 and in 2012 applied to drill a further 22 wells at 14 sites at Airth and in the Forth
Valley. Following a public inquiry the Scottish Government announced a moratorium on
unconventional gas exploration in 2015. Coal bed methane exploration boreholes were also drilled
in Fife (2 wells, Composite Energy) and Canonbie coalfield (8 wells, Greenpark-Marathon; Masters et
al. 2014).

Data from Airth has informed environmental monitoring of CBM operations, with Gyore et al. (2018)
demonstrating how stable and noble gas isotopic fingerprinting can help identify and track deep-
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and shallow-sourced methane. The capacity of the Airth field for CO, storage with enhanced coal
bed methane recovery was assessed by Sinayuc et al. (2011) who modelled a significant increase in
recovery rates using that method.

Underground coal gasification recovers gas from coal via high pressure underground combustion.
Resources had been identified in Ayrshire, Clackmannan and Fife (Jones et al. 2004) with mining
licences issued in the Firth of Forth, but no wells were drilled before Scottish Government
announced it would progress towards a ban on the technology in 2016 (Gemmell 2016).

Hydrocarbons: onshore

Oil shales: these are highly organic rich (up to 35%), thinly laminated lacustrine deposits of algal
oozes, occurring as a small percentage of the lacustrine-marginal marine West Lothian Oil-Shale
Formation (Loftus & Greensmith 1988; Parnell 1988; Monaghan et al. 2023, Ch. 10 this volume). In
places, emplacement of igneous intrusive sills has caused maturation of organic material within the
rock to free oil (Parnell 1984). An equivalent pyrolysis process, replicated by heating to 500°C,
became a means to distil oil out of the shales and condensed into wax and paraffin products,
forming the major oil-shale industry in Scotland.

Discovery and exploitation onshore oil and gas resources started with the discovery and extraction
of oil from Carboniferous cannel coal (‘torbanite’) and shales east of Edinburgh and in Renfrewshire
in the mid-late 1800s (Hallett et al. 1985). After James ‘Paraffin’ Young improved the refining
process, Scotland was the world’s largest producer of oil shale in the late 19'" century, with a
cumulative total production estimated at 75 million barrels and a maximum output of 2.7 million
barrels of oil in 1913 (Hallett et al. 1985; Harvie 2010). Archibald Geikie and his Geological Survey
work provided critical information on the location, thickness and extent of shales to James Young
(Craig & Underhill 2019). The oil-shale industry finally closed down in the mid-1960s with remaining
reserves estimated at 37.5 million barrels of oil upon distillation (Cameron & McAdam 1978). One
legacy of this industry are the waste heaps or ‘bings’ which are prominent in the landscape in West
Lothian (Fig. 17.16). The oil-shale industry in Scotland was an important forerunner of the oil
industry and, combined with natural oil seepage and free oil encountered during mining, suggests a
functioning source rock for oil fields and shale gas in central Scotland (Dean 2018).

Thin, uneconomic oil shales are also recorded in the Middle Jurassic deposits of Skye and Raasay
(Morton et al. 2023, Ch.12, this volume).

Conventional oil and gas: Where Carboniferous oil shale, carbonaceous mudstone and coals have
been deeply buried within anticlinal basins of the Midland Valley of Scotland, these hydrocarbon
source rocks have reached thermal maturity levels of the oil and gas windows (Underhill et al. 2008;
Monaghan 2014; Dean, 2018). Anticlinal and fault block trapping structures have been tested with
exploration wells drilled over many years from the Central Coalfield to Fife and Midlothian, from
West Calder in 1919 to Bargeddie, east of Glasgow, in 1989 (more details in Pye & Brown, 2002;
Dean 2018). Oil and gas shows and discoveries within the wells were most commonly in sandstone
reservoir rocks of the Strathclyde Group. This accords with observed seeps, demonstrating a
functioning petroleum system in central Scotland (Underhill et al. 2008). The most significant
onshore site for conventional onshore oil and gas production was the D’Arcy-Cousland anticline
(Hallett et al. 1985; Fig. 17.17), where drilling commenced in 1919 and production finally ceased in
1965 having produced 6.4 million m? of gas and c. 30 000 barrels of oil.

Devonian lacustrine sediments of Caithness, Orkney and Shetland along with Jurassic mudstones form
potential and proved hydrocarbon source rocks offshore in the Moray Firth. The exhumed petroleum
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system occurs in Orkney with good exposures of oil-stained aeolian and fluvial Devonian sandstones
(Brown et al. 2018). In Caithness, a two-stage oil charge into a fractured Devonian reservoir sandstone
was documented by Baba et al. (2019) as an analogue for the offshore Clair Field. The Jurassic
hydrocarbon system was tested onshore by the Sutherland No 1 well in 1980 but no commercial
development resulted. Recent reassessment of the Jurassic and potential Palaeozoic petroleum
systems of inshore basins of western Scotland (Sea of Hebrides, Minch, Larne, Portpatrick) concluded
that whilst the elements of a working petroleum system are proved in some locations, there is a low
probability of commercially sized petroleum accumulations (Fyfe et al. 2020, 2021).

Shale gas: During burial and thermal maturation of low permeability mudstones, organic material is
converted to oil and gas and some migrates to conventional reservoirs. However, some
hydrocarbons remain in the shales. These unconventional oil and gas resources have become widely
exploited in countries such as the USA, where horizontal drilling and hydraulic fracturing (‘“fracking’)
techniques are used to extract shale oil and shale gas.

The unconventional oil and gas potential of Devonian shales of Caithness, Orkney and Shetland has
been considered poor due to low thermal maturity (DECC 2013a). With their proved history of shale
oil and conventional oil and gas production, the Carboniferous shales of the Midland Valley have
been evaluated in detail (Monaghan 2014; Dean 2018). Organic-rich mudstones and oil-shales (2-20
% total organic content) within the Gullane, Aberlady, West Lothian Oil-Shale, Lower Limestone and
Limestone Coal Formations have reached suitable thermal maturity levels over parts of the Central
Coalfield and Leven-Midlothian Syncline to meet criteria for potential, in-place (not recoverable)
shale oil resources of between 3.2 — 11.2 billion barrels and shale gas resources of 1.4 —3.81 trillion
cubic metres (Monaghan 2014). No production data was available to calculate how much might be
recoverable and the faulted geology with multiple, relatively thin shale beds were noted as less
favourable than producing shale provinces in the USA. Whilst coal rank and organic geochemistry
data showed that the shales had reached the oil and gas window, subsequent uplift and erosion of
over 1 km has meant gas-mature shales occur at current day-depths of about 700 m (Monaghan
2014; Dean 2018). Several different models have been proposed for the timing of burial and uplift
(Underhill et al. 2008; Vincent et al. 2010), with potential implications for resource prospectivity.
Most recently, apatite fission track data has been used to better constrain the thermal basin history,
showing maximum late Carboniferous-early Permian burial and Mesozoic-Cenozoic uplift (McKenna
2021). This suggests that oil and gas may have matured and migrated before end- and post-Variscan
structures were in place, leading to early depletion of the source rocks which would affect resource
estimates. Given the Scottish Government moratorium on unconventional oil and gas in 2016,
further understanding or development of shale oil or shale gas resources seems unlikely.

Hydrocarbons: offshore

The UKs offshore hydrocarbons represent a mature resource commodity with an exploration and
production history spanning >50 years (King 2020; Rouillard et al. 2020). The UK Continental Shelf
(UKCS) extending out into the North Sea and the NW Atlantic margin has a total production to date
of 45 billion barrels of oil with a further 13.6 billion barrels estimated to remain as yet-to-find
resources. Of this, oil production in UK waters offshore Scotland with extensive Jurassic source rocks
and new frontier plays in the NE Atlantic is estimated to contain in total 9.6 billion barrels in existing
production fields, new marginal field developments and exploration opportunities (North Sea
Transition Authority 2020). Thus, the offshore hydrocarbon industry has brought, and will continue
to bring significant economic and industrial benefit to Scotland, stimulating offshore geological,
engineering and technology research in Scottish universities and developing transferrable skills and
knowledge for the nascent carbon capture and underground storage industry. The current North Sea
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Transition Deal (BEIS 2021) and the Offshore Energies UK strategy aim to provide support for oil and
gas production conditional on the industry diversifying its investment to support the energy
transition.

Peak production of oil and gas in the UKCS occurred around the start of the millennium reaching 42
billion cubic meters (bcm) of gas and 49 million tonnes of oil (or 368 million barrels of oil equivalent
(mboe); 1 tonne crude oil = 7.5 barrels) and has since progressively declined to 39.5 bcm and 338
mboe in 2020. Current predictions are for a continuing annual decline of 5% from 2024 (North Sea
Transition Authority 2020). Anticipating the energy transition the Wood review (Wood 2014)
proposed that in order to maintain energy security for the near future, industry focus should be on
maximising oil and gas recovery on the UKCS, through stimulating exploration of new plays and
frontier areas, as well as targeting “small pools” from known plays near to existing fields before
infrastructure is ultimately decommissioned.

The Scottish sector of the UKCS contains a series of large hydrocarbon bearing sedimentary basins
which can be broadly divided into two provinces (Fig 17.18). The Atlantic Margin Province
comprising the Rockall Basin and the Faroe-Shetland Basin and the North Sea Province which
includes the inshore Moray Firth Basin extending out into the Northern North Sea and the East
Shetland Basin and Viking Graben and southwards to the Central North Sea (CNS) and Central
Graben (Fig. 17.18). Separated by a series of intra-basinal highs and platform areas each of these
basins can be subdivided into sub-basins each with its own complex geological history.

Exploration began in the Central North Sea in late 1960s with the first commercial oil discovery in
the Paleocene deep water fan sands of the Montrose Field (now renamed Arbroath) and
subsequently the discovery of the UK’s largest oilfield, the Forties field (Rose et al. 2020). The 1970s
witnessed an exploration bonanza with discoveries widespread across the Northern North Sea and
exploration plays into Jurassic sandstones in tilted fault block structures e.g., the giant Brent Field,
followed by Thistle, Hutton, and Ninian fields. With improvements in seismic technologies deeper
pre-Cretaceous plays of the Auk and Fulmar fields were discovered in the high-pressure-high-
temperature (HPHT) region of the Central North Sea. West of Shetland exploration commenced with
the Devonian and Carboniferous sandstones of the Clair Field located on the Rona Ridge (Roberston
et al. 2020). By the 1980s further key discoveries in the HPHT region included the Erskine, Elgin,
Franklin and Shearwater fields located in Jurassic and Triassic reservoirs (Robertson 2020; Irving et
al. 2020; Taylor & Jones 2020). By this time the UKCS was developing into a hydrocarbon “super
basin” with a total of 301 discoveries and 40 fields coming on stream (King 2020). Exploration in the
frontier Rockall Basin began in the 1990s but with disappointing results, however, with
advancements in 3D seismic technology and use of amplitude-versus-offset analysis discoveries in
the Faroe-Shetland sub-basin and in the West of Shetland basin (Foinaven and Schiehallion fields)
were made in post-rift Paleocene deep marine sands (Lamers & Carmichael 1999). Subsequently,
the largest discovery of the 21 century came with the Buzzard Field located in stacked Upper
Jurassic turbidite sandstone in the outer Moray Firth (Taylor et al. 2020). Exploration has continued
in the frontier basins of the Atlantic Margin with the first and only hydrocarbon discovery in the
Rockall Basin, the Benbecula South field located in Paleocene sands in a four-way dip closure
(Schofield et al. 2018). By end of the 2010s the Lancaster Field opened a new Precambrian fractured
basement play on the Rona Ridge in the West of Shetland (Belaidi et al. 2018). Between 2011 and
2018 forty-two new fields started production and decommissioning of the older mature reservoirs
has progressed. Finally, although the impact of the oil price crash of 2014 led to the lowest level of
activity in UKCS history significant discoveries e.g., Catcher Field in the Central North Sea (Gibson et
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al. 2020) and Rosebank and Cambo fields in the West of Shetland Basin (Fielding et al. 2014) indicate
potential for further resource development.

Reservoir stratigraphy, source rock and trap geometries

The geological evolution of the UKCS has been extensively documented (Goldsmith et al. 2003; Dore
& Vining, 2005; Erratt et al. 2010; Goffey et al. 2020) with hydrocarbon bearing reservoirs hosted in
a wide stratigraphic range from Devonian to Palaeogene (Fig. 17.19). The geology of the source rocks
and reservoirs are described in the preceding chapters Nos. 11, 12, 13 & 14 in this volume and is
usefully summarised in Pye & Brown (2002) and a report on Petroleum Prospectivity in the UKCS
(DECC 2013c). Within the Central North Sea stacked reservoirs with multiple targets for hydrocarbon
exploration are not uncommon (Cayley 1987). Crustal extension in Late Jurassic to early Cretaceous
times led to the formation of the main graben structures (Viking, Central and Moray Firth) with the
syn-rift organic-rich marine mudstones of the Kimmeridge Clay Formation (Morton et al. 2023, Ch.
12, this volume) forming the principal source rock (Fig. 17.19). Post-rift thermal subsidence and
faulting brought these deposits to maturity within the ‘oil window’ at depths of between 3-4 km.

Subsequently, the hydrocarbons migrated both vertically and horizontally into pre- syn- and post-rift
reservoirs with a wide variety of trap geometries including, structural tilted fault blocks,
unconformities, formation of salt diapirs and four-way dip closures draped over deeper structures
(Spencer et al. 1996). More subtle stratigraphic pinch-out traps are detected by high resolution 3D
seismic data and an array of well penetrations. Late Jurassic and Paleocene age sandstone reservoirs
are predominant with porosities and permeabilities to maintain flow rates for commercial
production. Older Palaeozoic-sourced hydrocarbon prospectivity e.g., in the Forth Approaches,
South Buchan Basin and Inner and Outer Moray Firth is dependent on increasing thermal maturity of
source rocks into deeper basins and on Mesozoic and Cenozoic burial and uplift.

Based on tectono-stratigraphic and depositional setting the UK fields and hydrocarbon reservoirs
can be divided into various pre- syn- and post-rift plays (DECC 2013c). Within these, the main
exploration and production challenges are in understanding the cycles of Mesozoic and Cenozoic
burial and uplift and deciphering the influence of local tectonic features and inter-basin connectivity.
Below we record a brief update of the regional hydrocarbon reservoirs developed in Scottish waters
in the last two decades. Further details can be found in Hartley & Watson (2023 Chapter 11, this
volume), Morton et al. (2023 Chapter 12, this volume) , Mortimore & Long (2023 Chapter 13, this
volume) and Stewart & Jones (2023 Chapter 14, this volume).

North Sea Province

Central North Sea: The Central Graben is a major area of oil, gas and condensate production with
numerous fields located in tilted fault block reservoirs ranging in age from Devonian to Paleocene.
The oldest reservoirs are in Devonian snadstones, Permian carbonates and sandstones (Auk and
Argyll felds) with younger thick fluvial Triassic channel sandstones and sheetflood deposits forming
the reservoirs along the western edge of the graben (e.g., Marnock and Skua Fields). Fields tapping
into Jurassic source including Fulmar, Clyde, Buzzard are found in shallow marine sandstones
overlain by deeper water submarine fan sandstones forming stratigraphic pinch-out at basin margins
(Doré & Robbins 2005). Overpressuring along the basin axis has preserved at anomalous depths,
good quality high pressure/high temperature (HPHT) gas condensate reservoirs in syn-rift
sandstones of Upper Jurassic age (e.g., Winefield et al. 2005 and references therein). Recent Upper
Jurassic plays and new exploration targets around the Forties-Montrose High (Fulmar fields), (Fig.
17.20a) are characterised as shallow-marine “inter-pod” reservoirs (Baldwin 2020). These fields (e.g.,
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Cayley, Godwin and Shaw) are variously interpreted as troughs of Jurassic deposits in downthrown
blocks or partial stratigraphical traps located above deflated Zechstein salt bodies between Triassic
“pods” or salt withdrawal from mini basins (Karlo et al. 2014; Goffey et al. 2020).

During rifting footwall uplift along the major graben bounding faults locally exceeded the continuing
rise in sea level leading to footwall erosion and remobilisation of coarse clastic deposits into the
adjacent deep-water basins (Stewart & Jones 2023, Ch.14 this volume). Recognition of these
remobilised sandstone reservoirs in the Palaeogene account for plays in the Andrew, Balmoral,
Cromarty, Dornoch, Forties, Frigg and Maureen fields. Elsewhere in the Central North Sea injected
sandstone reservoirs formed remobilisation of turbidite deposits are characteristic of the Gryphon,
Chestnut, Mariner and Catcher fields.

Northern North Sea (East Shetland Basin and Viking Graben): Many fields within this major oil
producing sector have had a long production life (Pye & Brown 2002) extended by Enhanced Qil
Recovery techniques with few fields decommissioned as yet. At depth in the widespread Triassic
deposits production is limited with exploitation mainly below the Brent fields (Hartley & Watson
2023). Mid-Jurassic reservoirs are highly productive (e.g., Brent, Beryl and Ninian fields) (Fig.17.20b)
with coastal to delta-plain environments in the south and coastal barrier and wave-dominated
deltaic facies in the north. Many plays are located in tilted fault blocks beneath the sub-Cretaceous
unconformity although basin compartmentalisation and uncertainty over inter-field communication
are still to be resolved. Deep marine sandstone and conglomerates present in the East Shetland
basin and Beryl embayment area and in the Viking graben (Cladhan Field) are interpreted as upper
Jurassic fan deposits adjacent to basin bounding faults (e.g., Williams et al. 2020). Younger
Palaeogene prospective plays extend out into the basin margins (e.g., Kraken and Mariner fields).

Moray Firth: Reservoirs in the Moray Firth region range in age from Palaeozoic to Cretaceous and are
syn- to post-rift in character. The oldest Devonian and Carboniferous source and reservoir rocks
deposited in lacustrine, fluvio-deltaic and shallow marine settings have recently been extensively
mapped and characterised north of the Mid North Sea High and east of the Grampian High (Monaghan
et al. 2016, 2017; Kearsey et al. 2019; Patruno et al. 2018; Brackenridge et al. 2020). A number of
fields have produced from Middle Devonian and Carboniferous reservoirs including, Beatrice, Jacky,
Lybster, Buchan, Clair, Claymore, Highlander and Stirling - however with the exception of Beatrice,
these are believed to be from Jurassic-sourced oil. Further north studies on Devonian lacustrine
sediment on Orkney suggest potential for Devonian-sourced hydrocarbons migrating to reservoirs in
Moray Firth and towards East Shetland Platform (Brown et al. 2018) and has been proven from a well
penetration in the Inner Moray Firth (Marshall et al. 2018).

Jurassic syn-rift reservoirs in shallow marine sandstone are found in outer Moray Firth (e.g., Beatrice,
Piper, Scott) and overlain by Upper Jurassic deep marine turbidites (Claymore) with recent fields
(Golden Eagle) tapping into ribbon-like channels forming local stratigraphic pinch-out traps (Morton
et al. 2023 Ch. 12 this volume). Syn-rift turbiditic sandstones also characterise the Lower Cretaceous
deposits forming the large reservoirs of the Scapa and Captain fields. Extending out into eastern part
of the basin margins Paleocene and Eocene turbiditic sandstones host structural and stratigraphic
traps within basin floor and deltaic sediments (Stewrt & Jones 2023, Ch.14 this volume).

Atlantic Margin

West of Shetland Basin: The principal source rock in the West of Shetland Basin is the Kimmeridge
Clay although early Cretaceous marine source rocks have been recorded on the Norwegian Atlantic
Margin (Faleide et al. 2008) and these may extend southwards to the UKCS, but are as yet unproven.
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The main reservoirs are hosted in Paleocene and Eocene sandstone facies including turbidite basin-
floor fans along the NW margin of the basin (DECC 2013c). Clair, the largest oilfield in offshore NW
Europe sits on Rona Ridge with source rocks in Devonian-Carboniferous deposits and a thick topseal
of Upper Cretaceous mudstones (Fig. 17.21). Elsewhere, due to the extensive coverage of Paleogene
lavas and sills which attenuate and disperse the seismic signal and degrade the quality of subsurface
imaging exploration has focused on the shallower post-rift plays in Paleocene sands (e.g., Cambo,
Foinaven, Schiehallion and Rosebank fields). Other plays on the platform margins are hosted in
Devonian-Carboniferous rocks and fractured Precambrian basement.

Rockall Basin: The Rockall Basin is a failed rift that formed during Atlantic Ocean rifting and
represents the last frontier acreage in the UKCS with only 20% of the basin acreage licensed for
exploration. The timing of rifting is uncertain and has been reviewed by DECC to extend from late
Carboniferous to Cretaceous in age (DECC 2013c). It has no proven source rock although working
local petroleum systems are known (e.g., Benbecula well discovery). The size and inter-connectivity
of any pre-Cretaceous basins remains unresolved.

SCOTLAND’S RESOURCES FOR CARBON INJECTION AND STORAGE

Geology of Carbon Capture and Storage

Carbon Capture and Storage is a crossover between the hydrocarbon resource provided by
sedimentary rocks with the lifestyle needs for abundant energy in industrial societies (Haszeldine
2009). The challenge countries face is the continuing use of fossil fuels to provide energy, but
without the climate change consequences of CO; emissions. To put in context, in 2019 Scotland
produced source emissions of 47.8 Mt of CO, equivalent (Scottish Government 2021a) and has an
estimated two thirds (>45 Gt) of the UKs potential offshore storage capacity (Bentham et al. 2014).
However, addressing this challenge requires a viable infrastructure network linking industry and
business for the chemical capture and storage with pipeline and shipping transport and geology for
the injection of COvia deep boreholes into porous sediments (Fig 17.22).

The basic requirements for high performance storage are well known (IPCC 2005). CO; is intended to
be injected as a dense phase liquid into microscopic pores of porous sandstones, and to remain
isolated and secure in the deep (>1 km) subsurface for long periods of time. Trapping of the CO,
requires:

e physical retention beneath an overlying impermeable mudrock;

e dissolution of CO; into the reservoir brine as several types of ion pairs;
e residual saturation i.e. small bubbles of CO; disconnected in pores;

e |arge storage sites with volume capacities of > 100 Mt CO,

Research into alternative options for CO, storage in basic rocks by processes of carbonation e.g., in
the peridotite of Oman or basalt in Iceland and in the accelerated weathering of silicate minerals in
mine waste (Renforth et al. 2011) is in its infancy, see recent review combined with a life cycle
analysis by Thonemann et al. (2022). In Scotland the ultramafic rocks of the Ballantrae ophiolite
(Stone 2023, Ch. 7 this volume) and the large volumes of basalt and gabbro in the northeast
Grampians may offer potential for further research and development.

In policy terms, CO, storage is currently strictly regulated with the European Commission Directive
2009/31/EC on the geological storage of CO;transposed into UK national legislation in 2010 (UK Gov
2010). For Scottish offshore waters, licensing for storage of CO»is regulated by Marine Scotland
(Crown Estate Scotland) and the North Sea Transition Authority (formerly the Oil and Gas Authority)
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for appraisal and production licenses in pore space east, west and north of the UK and Scottish
landmass. Before a licence is granted by the Competent Authority, onshore CO, emplacement has to
define a Site where the CO; is injected and is intended to stay. Monitoring is undertaken to
demonstrate that CO; is located within the range of predictions made. If CO, moves out from the
Site, it can still be retained within the Complex, where there is no contact with surface life or mid-
depth water extraction from shallow aquifers (Fig 17.23). Only if CO; leaves the storage complex are
severe fines applied. These predictions are required to demonstrate that secure storage will
continue for the next 10,000 years of CO, storage. Given that the size of a potential storage site may,
for example, be comparable to a large city development then geological interpretation and
prediction will be limited by the available data.

UK CO; storage research aimed at decreasing emissions from coal burning was initially evaluated by
Holliday et al. (1991; 1996) and progressed with European and industry funding enabling a series of
projects between 1998 and 2006 (Chadwick et al. (2008)). In Scotland, researchers in University of
Edinburgh, Heriot-Watt University and the BGS in 2008 developed the CO, Aquifer Storage Site
Evaluation and Monitoring (CASSEM) project (Smith et al. 2012). This joint industry-academic project
produced the first public fully integrated study of CCS in the UK — combining geology, hydrogeology,
seismic surveying, reservoir and seal fracture pressures, risk assessment and public perceptions for
two CO; storage sites, one in the Bunter Sandstone, Lincolnshire and one in the Forth estuary. The
latter is close to the former coal-fuelled former power plant of two of Scotland’s largest electrical
generators, Scottish Power and SSE. In the Forth estuary, legacy seismic and boreholes from
previous hydrocarbon explorations provided data for both the Lower Carboniferous fluvial sands
with potentially good seal and the widespread but deeply buried thick fluvial and aeolian and sands
of the Knox Pulpit Formation with no clear seal. Both of these targets proved unfeasible due to lack
of pore space volume in the defined closure of the Forth Anticline.

Since then with the recognition that onshore or nearshore storage would be technically and publicly
challenging the focus has moved offshore. Using published and archive records of Scotland’s
offshore hydrocarbon reservoirs and detail from individual oil and gas field developments, Rennie et
al. (2009) carried out a high-level screening study of 204 potential targets. They grouped the oil and
gas fields into; those close to subsurface hydrostatic pressure due to water injection; those empty
gas fields at pressures significantly below hydrostatic; open saline aquifers connected to large pore
volumes in regional aquifers; and closed saline aquifers confined by structure or cementation
(Rennie et al. 2009). Ninety-five were identified as too small i.e. <50Mt CO,; eighty with insufficient
data and twenty-nine were taken to detailed assessment (Fig. 17.24). The potentially large capacity
of saline aquifers was approximated by calculation that 0.2% or that 2% of pore volume could be
used for CO; storage and by using fluid pressure of 80% lithostatic as a screening limit to
geotechnical rock fracture. As a result, Rennie et al. (2009) identified ten saline aquifers for further
analysis with simulation of CO; injection and reservoir engineering.

Modelling of CO; injection involves an assessment of pressure release from the saline aquifer
reservoir which may be “closed” or a static aquifer calculation or an “open” or dynamic fluid flow
calculation. The aim is to predict the rate of large water displacement from the reservoir that can
escape by seepage into pore space of the enclosing sediments. This leakage is not CO,, but is a
combination of engineered and controlled leak-off of enough porewater to control reservoir
pressures and so prevent seal fracture. Pressure build-up in closed aquifers limits CO; storage to only
10-20% of an open aquifer capacity therefore it is probable that future CO; storage sites will be in
open aquifers and produce deep saline water to be disposed into the North Sea, or injected into a
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shallower depth aquifer as an engineered balance to control pressures. This scenario is not dissimilar
to present day oil industry practice which moves and produces much more water than oil.

The Captain Sandstone

The Lower Cretaceous Captain Sandstone Member (Fig. 17.25) has been selected as a test storage
aquifer with several specific storage sites that could be utilised for commercial CO; storage. The
Captain reservoir with an estimated 360 Mt CO; storage capacity, equivalent to the CO, emitted over
by Greater London over a period of 9 years, was investigated by the “CO, MultiStore” project
(Akhurst et al. 2015) where the long distance transmission of pressure, rather than the much slower
physical movement of CO, was simulated between two sites of CO; injection along with continued
hydrocarbon extraction at existing oilfields. This study showed that pressure effects interfere within
a single reservoir and therefore a regional scale assessment will be required by site licensees and
regulators in operations in connected sandstone aquifers, so that controlled injection of CO,, and
extraction of water are combined to maximise performance (Akhurst et al. 2017).

Other reservoirs studied as potential alternative sites included the Eocene Tay Sandstone, a
submarine fan regional reservoir with a thick seal of Horda mudrock. Multi-criteria analysis including
geological data and infrastructure also identified the Mey Sandstone Member (Fig. 17.25) as an
optimal site linking the injection site via a decommissioned hydrocarbon pipeline to the St. Fergus
terminal north of Peterhead.

The expertise and experience of CO; storage research described above and elsewhere in the UK has
led to strong commercial and UK Government interest. Led by the Energy Technologies Institute a
GIS database and viewing atlas of the offshore has been developed utilising the abundant geological
and hydrocarbon data from North Sea exploration and production (Bentham et al. 2014). The CO,
Stored database includes a digital file of the 3-D location for each reservoir sandstone, together with
rock and fluid properties (porosity, permeability, temperature and pressure) and enables rapid web-
based searches across the UK Continental Shelf (Fig. 17.26).

Oil production with low carbon impact

Oil production from North Sea fields is known to often produce only 50-70% of oil present — leaving
a substantial known, but inaccessible, resource. A proven method of additional oil production is to
inject CO,, which acts a solvent. Reservoir engineering simulation of injection for CO,-Enhanced Oil
Recovery on 14 North Sea fields showed that Enhanced Oil Recovery is economic with high oil prices
i.e. $80 -100 per barrel (Pershad et al. 2012). However, it is important to assess the carbon
accountancy of such projects to understand how the CO; injected can exceed the extra carbon
produced as oil. The carbon budget can be engineered to produce net storage by licence stipulations
that CO; injection continues after oil production ceases (Stewart & Haszeldine 2015). Additionally,
there are many fields where oil-water contacts are inclined due to flow of deep ground water or due
to continuing subsidence after the initial oil charge. These Residual Oil Zones (ROZ) commonly
exploited in USA reservoir settings, may also be North Sea targets for pairing the injection of CO,
with production of low carbon oil (Stewart et al. 2018).

Gas storage

From 2010 onwards, the transition from hydrocarbon to carbon-free energy sources and delivery
has highlighted the challenge of energy supply. As electricity production shifts to variable tides and
solar along with weather dependent onshore and offshore wind power, it is difficult to guarantee
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uninterrupted electricity supply and some form of energy storage is required, either batteries or
underground storage.

During a period of low demand excess generated electricity can be used to compress air and inject it
into the pore space of reservoir sandstones which can then be recovered by decompression to
atmospheric pressure when required. The UK’s offshore depleted gas fields provide abundant and
well understood pore space. Mouli-Castillo et al. (2019) have compiled locations and volumes
estimates to show that, potentially, these offshore resources could store more energy than required
to meet the UK’s winter electricity demand.

Hydrogen gas may become an energy source to replace methane use in the UK — particularly to
supply national-scale gas fuelled electricity generating plant, and chemical energy to domestic
homes for heating. Because hydrogen has to be manufactured by chemical splitting of methane, or
by electrolysis of water — then gas produced in summer months using renewable energy sources
must be stored for winter use. By analogy with the established industry of Methane Underground
Gas Storage, it is possible that large tonnages of hydrogen can be securely stored in sandstone
reservoirs, or in engineered salt caverns (Fig. 17.27). Using the CO, stored database enables
calculation to show that that large scale hydrogen storage could be possible offshore by adapting
depleted offshore gas fields (Scafidi et al. 2021). Re-use of small depleted hydrocarbon sites onshore
in Scotland (Heinemann et al. 2018) could also provide storage to supply the gas pipe transport grid,
close to consumer demand.

SCOTLAND’S RENEWABLE RESOURCES

Deep geothermal

Operational deep geothermal projects (>1 km depth) are still relatively rare globally (there are none
in Scotland), largely because of the significant challenges that must be overcome even where a
favourable geothermal resource is suspected. Key challenges include: (i) identifying and
characterizing prospects in the deep subsurface, and de-risking projects sufficiently to encourage
investment, using mainly surface-derived data; (ii) the technical and economic challenges of
extracting and distributing the energy; (iii) the need to co-locate the supply of and demand for
geothermal energy as far as possible; and (iv) the need to overcome the public concerns that today
accompany any proposal to engineer within the deep subsurface. Despite the challenges, deep
geothermal energy is increasingly viewed as an attractive energy solution because it is renewable,
has low carbon emissions, can be used to provide heat, power, or both, and — if used to create
electricity — can contribute to baseload. If it proves viable in Scotland, deep geothermal energy could
become an important source of the sustainable, low carbon energy that the country needs to meet
tough targets in reducing greenhouse gas emissions and tackling fuel poverty.

In nearly all concepts for exploiting deep geothermal energy, heat is extracted from the subsurface
in the form of hot water or steam. The concepts fall broadly into three types. In Hot Wet Rock (HWR;
sometimes called ‘hydrothermal’) systems the heat is contained in an aquifer and is recovered by
extracting the water held in pores (including open fractures). Where the aquifer is in sedimentary
rocks it is often called a Hot Sedimentary Aquifer (HSA). The natural porosity and permeability of
such systems may be sufficient to support viable projects but can be increased artificially (by
physical or chemical means) if not. In Hot Dry Rock (HDR; sometimes called ‘petrothermal’) systems
the heat is contained in essentially impermeable (usually crystalline) rock. To recover the heat, a
man-made network of fractures is created and water must be both introduced and recovered via
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boreholes; the resulting infrastructure is called an Enhanced [or Engineered] Geothermal System
(EGS). HWR systems are likely to be less technically challenging to develop and operate than HDR
systems, so may be significantly cheaper, but they will usually lack the high temperatures that mean
HDR systems can produce electricity. In Hot Fractured Rock (HFR) systems, boreholes are drilled
specifically to target focussed zones of naturally permeable fractures (usually associated with a fault)
in otherwise largely impermeable rocks; such systems thus have the potential to produce large
amounts of geothermal energy without needing to create an EGS. In the UK, HFR projects are
currently being developed in the Carboniferous granite plutons of southwest England (e.g. Reinecker
et al. 2021).

How big is Scotland’s heat resource?

The size of Scotland’s geothermal resource remains poorly understood (e.g. Gluyas et al. 2018). The
country sits on a relatively geologically stable part of Earth's crust and has none of the ground-level
features, such as hot springs or volcanic activity, that might point to a substantial heat resource in
accessible parts of the subsurface. The only major attempt thus far to characterize Scotland’s heat
resource — the Investigation of the Geothermal Potential of the UK project in the 1970s and 80s (e.g.
Downing & Gray, 1986; Lee et al. 1987) — produced disappointing results: even the highest heat flow
values, from boreholes drilled into the so-called High Heat Production (HHP) granites of the East
Grampians (specifically the Cairngorm, Mt Battock, Bennachie and Ballater plutons), were
surprisingly low at just 59-76 mW m2, much lower than the highest reported heat flow in the UK (c.
126 mW m2in Cornish Permian granite). The geothermal gradient in the East Grampians granites
was modelled to be c. 172C/km, roughly half that of the Cornish intrusions and too low to support
viable deep geothermal energy projects.

Since these discouraging results, no new deep geothermal boreholes have been drilled in Scotland
and no new heat flow values have been published. However, two more recent developments give
cause for greater optimism.

e First, it is now established that in higher latitudes the top part of the geothermal gradient
(down to a depth of around 2 km) is affected by transient atmospheric warming since the
last glaciation (e.g. Gosnold et al. 2011), so all heat flow values measured thus far in
Scotland probably underestimate the actual ‘steady state’ heat flow that is assumed to exist
beneath the climate-affected zone. Climate-corrected heat flow values from the East
Grampians HHP granites are close to 90 mW m, nearly 25% higher than the uncorrected
values (Westaway & Younger 2013; Busby et al. 2015) and indicating a geothermal gradient
of c. 242/km;

e Second, a graph of bottom-hole temperature vs depth compiled from 133 boreholes
suggests the average temperature gradient beneath Scotland is higher still: c. 30.52C/km
down to 1.5 km, 35.82C/km between 1.5 and 3.5 km, and 46.72C/km between 3.5 and 5 km
(Fig. 17.28). This gradient would yield average temperatures of c. 1002C at 3.0 km and c.
1509C at 4.0 km, potentially sufficient to support deep geothermal energy projects;
however, local factors (e.g. convective heat transfer in migrating groundwater) are likely to
enhance or diminish the geothermal gradient in any one locality, so the graph is not a
substitute for robust site-specific heat flow measurements.

The dataset includes measurements made in onshore and offshore settings, in basin and
ridge settings, and in crystalline and non-crystalline rocks. Climate warming since the last
glaciation may explain why the gradient is lowest in the shallowest part of the curve;
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however, generally thinner crust (and thus higher heat flow) in offshore areas might also
explain the increasing gradient at deeper levels.

Do local heat anomalies exist beneath Scotland?

A range of geological factors can augment, concentrate, divert, or dissipate background heat as it
moves up through the crust, creating localized heat anomalies. If they can be found and are in
geographically suitable locations, anomalies wherein heat has been augmented or concentrated (so
the temperature exceeds that associated with undisturbed background heat flow) could improve the
viability, productivity, and longevity of deep geothermal energy projects. Currently, there is little
direct evidence that positive heat anomalies of a meaningful size exist in Scotland, but this may
simply reflect the sparseness of the dataset and generally poor state of knowledge of the subsurface
thermal regime. Some settings in which local heat anomalies might develop in Scotland are
described below.

Where heat generated in situ augments the background heat flow: HHP granite (usually defined as
granite in which heat produced by radioactive elements like U, Th, and K exceeds 4.0 pyW m3) is
probably the most important source of locally generated heat in the crust. HHP granite dominates
the outcrop of eight Scottish plutons (Fig. 17.29), all of which were emplaced during the later
(Scandian) part of the Caledonian Orogeny (Gillespie et al. 2013). As noted above, heat flow values
for some of these plutons have been re-appraised relatively recently (Westaway & Younger 2013;
Busby et al. 2015). The outcomes of a Scottish Government project examining the feasibility of
extracting geothermal energy from the HHP Hill of Fare pluton, near Banchory, are described in
Milligan et al. (2016).

Where rocks of low thermal conductivity impede the upward flow of heat: Heat passes more slowly
through rocks of low thermal conductivity (TC) than those of high conductivity, so low TC rocks in
theory will contain more heat and some thick units might impede the upward transfer of heat
sufficiently for local heat anomalies to develop. Potential candidates in Scotland include the basaltic
and andesitic Palaeogene lavas on Skye, Mull and Morvern, the Siluro-Devonian and Carboniferous
lavas of Lorne and the Midland Valley, and the basic and ultrabasic layered intrusions in
Aberdeenshire (e.g. the Morvern—Cabrach, Insch, and Huntly—Knock plutons), (Gillespie et al. 2013),
(Fig. 17.29). Some sedimentary rocks, notably mudstone and coal, have low or very low thermal
conductivity, but generally do not form thick monolithic units in Scotland. However, the cumulative
effect of multiple thin beds of such rocks in heterolithic strata (perhaps, for example, some
Carboniferous successions of the Midland Valley) locally may be enough to produce a heat anomaly.

Where ‘hot’ granite is buried beneath low TC rocks: Large reservoirs of trapped heat can develop
where intrusions of HHP granite are buried beneath a cover of low TC rocks, which act like an
insulating blanket (e.g. Chopra & Wyborn 2003). No examples of a ‘buried hot granite’ have been
proved in Scotland, but suitable geological conditions might exist around the Moray Firth and the
Northern Isles, where thick piles of Devonian strata overlie Caledonian basement (in which reside all
the known HHP intrusions in Scotland) (Fig. 17.29). Suitable conditions might also occur in parts of
the East Grampians region where thick intrusions of low TC basic and ultrabasic igneous rock overlie
the inferred subsurface extent of the East Grampians Batholith, parts of which have HHP character
at outcrop.

Where hot water migrates to shallower levels: Heat anomalies might exist where hydrogeological
conditions cause water to migrate from hotter, deeper parts of the crust to shallower levels via
natural permeable pathways. Again, no anomalies of this sort have been proved in Scotland but two
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localities where they may exist — Lothbeg near Helmsdale and Archerbeck near Dumfries — are
highlighted on Figs. 17.28 and 17.29. Bottom-hole temperatures for the boreholes at these sites plot
on the ‘hot’ side of the temperature gradient shown in Fig. 17.28, and — while more data would be
needed to confirm the existence of a heat anomaly in both cases — the fact that both boreholes are
sited in onshore outcrops of mainly offshore basins may indicate that hot water from deeper
offshore has migrated to a shallower level onshore at the basin margin. The Lothbeg borehole is
close to the trace of the Great Glen Fault, so in its case the fault may be the conduit up which hotter
water is migrating (Gillespie et al. 2013).

Shallow geothermal

Ground source heat

Measured and interpolated temperatures across Scotland at 100 m from the Earth’s surface vary
between 8-14°C, and at 500 m between 17-29°C (Busby et al. 2011). The heat derives both from
deep within the earth and from solar energy that is absorbed by the ground and distributed via
groundwater systems.

A range of shallow geothermal technologies are being developed to extract and transfer this heat
energy for use in homes and businesses. In most cases, this involves use of boreholes or an
underground closed loop, plus a heat pump. The heat pump boosts the temperature to that which is
used in buildings for space heating and hot water, around 50-70°C. Also known as ground source
heat, the type and scale of shallow geothermal systems varies:

e Closed loop systems contain a transfer fluid and may comprise collector loops installed in
horizontal trenches or in boreholes;

e Open loop systems abstract and re-inject the groundwater from boreholes. The
groundwater is the medium carrying the heat and the borehole yield, temperature, water
level etc. are important factors in determining the scale of the usable resource. There can be
multiple shallow boreholes (10 - 50 m) or doublets of slightly deeper boreholes.

The shallowest geothermal resources across much of Scotland include green spaces for closed loop
systems (e.g. Saughton Park, Edinburgh; Greenspace Scotland, 2021) and Quaternary sands and
gravels for relatively small-scale closed loop or very shallow open loop systems (10-100 kW).
Fractured sandstone or other rock with good hydrogeological yields at depths of a few tens to
hundred metres offers potential for small-scale heating schemes. Flooded, abandoned coal mine
workings, discharges and existing pumping stations offer potential for larger schemes across central
Scotland, or to feed into heat networks, and are discussed further below.

In Scotland, at 2021, shallow ground source heat schemes, either closed loop or open loop with
boreholes less than 200 m, and meeting certain conditions, do not need to apply to the Scottish
Environmental Protection Agency (SEPA) for Controlled Activities Regulation authorisation. There is
no other registration or licensing system and there are currently no definitive numbers for installed
schemes.

Steady temperatures underground can also offer a source of cooling, or the underground can act as
a thermal store. For example, temperatures may become depleted in winter and can be recharged
with excess heat in summer months when demand is less.

Mine water heat and heat storage
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A legacy of coal mining across central Scotland is an extensive network of underground mine
workings, tunnels and shafts. Sections TS4 and TS6 in Chapter 10 and Fig. 17.15 highlight the extent
of mining of multiple coal seams in the Middle Coal Measures, Lower Coal Measures and Limestone
Coal formations spanning central Scotland from the Ayrshire Coalfield in the west, to the Fife and
Midlothian coalfields in the east. The shallowest workings between 0-100 m depth are most spatially
extensive, commonly the oldest mines that were worked by stoop and room (pillar and stall),
shortwall, or stoop and room followed by total extraction techniques. Between the 1950s and 2002,
deeper mines were worked to depths of just over 1000 m using longwall techniques. Fig. 17.30 is an
example of what a mine water ‘reservoir’ or ‘aquifer’ target might look like where more deeply
buried and flooded.

Following the cessation of pumping, the former mine systems became flooded with groundwater.
The groundwater has warmed to the temperature of the surrounding rock mass and now forms a
large heat resource. Critically, the permeability and transmissivity created by the old mine workings
means it can act as an ‘anthropogenic aquifer’ with substantial borehole yields achievable. Fig. 17.30
is an example of what a mine water ‘reservoir’ or ‘aquifer’ target might look like where more deeply
buried and flooded. These high flow rates mean that mine water heat can supply larger scales of
groups of homes, municipal buildings or factories (Fig. 17.31). For example, in north-east England,
one scheme heating a warehouse uses 2.4 MW of mine water energy (Walls et al. 2021).

Resource estimates: Key geoscientific factors for mine water heat include depth to water,
temperature of the water, borehole flow rates, connectivity with other parts of the mine system and
the groundwater recharge/discharge into the mine workings. Temperatures of between 12-21°C
have been documented for mine waters in central Scotland and mapped at different depths and
‘mine water blocks’ (Gillespie et al. 2013; Farr et al. 2020: Fig. 17.32). Non-coal mines, such as those
for lead or zinc in the Southern Uplands, may offer additional potential outside of the coalfields, but
have yet to be a assessed.

Many towns and cities grew around coal mines, so it is no coincidence that current heat demands of
population centres in central Scotland can be aligned with the potential resource. A number of
resource estimates have been made for the potential of mine water heat in Scotland, however all
rely on a significant number of assumptions and generalisations. PB Power (2004) estimated mine
waters from the 62 largest coal mines in Scotland could contribute 1708 GWh per annum of heat,
Gillespie et al. (2013) estimated 12 GW of accessible heat and Todd et al. (2019) calculated that
sustainable heat flux could provide less than a tenth of Scotland’s annual domestic heating demand.
Further refinement is needed incorporating real-world data and possibilities for underground
thermal storage.

Mine water heat can be accessed in a number of different ways. The simplest is to utilise existing
boreholes and pumping stations that The Coal Authority operates for ongoing mine water
management, and also existing mine water discharges (13 treatment schemes in Scotland; Bailey et
al. 2016). Flooded mine shafts appear a significant opportunity and have been utilised in pilot
schemes in England (Burnside et al. 2016), however the majority of shafts have been capped and
filled. New borehole doublets offer greater flexibility to match location with heat demand, however
there are technical risks and high upfront capital costs.

Environmental impacts: The legacy of coal mining in Scotland includes rising mine water and
discharges of mineralised groundwater (Younger 2001), subsidence and ground motion (Helm et al.
2013; Sowter et al. 2017). Repurposing the mining legacy for sustainable, low carbon energy in close
proximity to homes and businesses requires any environmental impacts to be well understood and



1446
1447
1448

1449
1450
1451
1452
1453
1454

1455
1456
1457
1458
1459

1460
1461
1462
1463
1464
1465
1466
1467
1468

1469

1470
1471

1472

1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484

1485
1486
1487
1488

34

managed. Currently, both the Scottish Environment Protection Agency and The Coal Authority have
regulatory requirements for accessing mine workings, in abstraction and re-injection of groundwater
for geothermal activities (e.g. SEPA 2019).

Mine water schemes and research infrastructure: Scotland was home to two pioneering c. 65 kW
mine water heat schemes that have proved the technical concept (Banks et al. 2009; Walls et al.
2021). A scheme in Shettleston, eastern Glasgow supplied heat to 16 homes from 1999- ¢.2019 using
an open loop from the Glasgow Ell Coal mine working at around 100 m. A scheme in Lumphinnans,
Fife was constructed in 2000 and supplied heat to 18 dwellings using an open loop system from a
172 m deep borehole. It is now decommissioned.

A number of mine water heat feasibility and exploration studies have been carried out in Scotland,
however no significant projects have been installed (Townsend et al. 2020). Economic,
environmental, social and political parameters have all impacted the business case but with
changing policies (e.g., fuel poverty strategy, Scottish Government 2021b) and incentives, this could
change.

In 2018 Eastern Glasgow became the location of a unique underground infrastructure for academic
and industry research on the processes and impacts of mine water heat and also the potential for
heat storage (Monaghan et al. 2021). This UK Geoenergy Observatory comprises 12 boreholes and 4
research compounds along with extensive sensing and monitoring capability for temperature, water
level, rock/water properties, gases and ground motion. Three of the boreholes are screened at the
Glasgow Upper mine working at around 50 m below ground level and two are screened at the
Glasgow Main mine working at around 85 m below ground level. Geothermal infrastructure
connects four of the mine water boreholes in a sealed, open loop system capable of either
abstracting c. 200 kW heat or adding heat for thermal storage research.

Groundwater and hydropower

Scotland is often described as a hydro nation and in 2012 the Scottish Government in its vision
statement recognised “water as part of our national & international identity”.

Groundwater

Groundwater is a high value renewable resource in Scotland, providing around 75% of private
drinking water supplies (Fig. 17.33), 5% of public water supply and underpinning industrial and
agricultural activity. As Scotland’s leading export after oil and gas, whisky has an economic benefit of
around £3.9 billion with around 70% of the water used by the distilling industry sourced from
groundwater. In addition, all the bottled water industry is sourced and licenced from groundwater
accounting for some 14.7 million litres per day. Groundwater is also abstracted for agriculture, fish
farming, brewing, mining, and quarrying and crucially plays an important role in supporting surface
water ecosystems; it provides one third of the flow in Scotland’s rivers and supports two-thirds of all
statutory designated wetland sites (Scottish Government 2011). In terms of public water supply, in
2020 this is sourced from around 100 boreholes and springs, serving around 300,000 people. In
total, abstraction amounts to over 750 million litres of groundwater per day ( Fig. 17.33) and is
regulated and licenced by the Scottish Environment Protection Agency (SEPA).

The distribution of groundwater drinking water supplies across Scotland and in most of the inhabited
islands, (Fig. 17.33) indicates that the presence of groundwater is widespread. However, the depth,
quality, quantity, and value vary significantly depending on numerous factors, particularly the nature
of Scotland’s diverse geology (MacDonald et al. 2005). Rock type and fracturing control not only
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physical aquifer properties, such as capacity, porosity, permeability and transmissivity or
groundwater flow (Graham et al. 2009) but the constituent minerals in the aquifer rocks also
determine water chemistry via water-rock interactions.

The least productive aquifers are in the Precambrian rocks of the north-west, and are capable of
only supporting small rural abstractions. Much of the Central Belt and eastern part of Scotland is
underlain by aquifers hosted in the extensive Devonian, Carboniferous and Permian sandstones that
underlie areas such as in Moray, Strathmore, Fife, and Dumfries (O Dochartaigh et al. 2015) (Fig.
17.34). These strategically important and productive aquifers are heavily exploited for both drinking
water supplies and agricultural irrigation.

Groundwater bodies: To manage groundwater in a sustainable way and ensure relevant
environmental objectives are met including the requirements of the EU Water Framework Directive
(EU 2000), aquifers across Scotland are subdivided into groundwater bodies. Groundwater body
delineation follows the UK Technical Advisory Group criteria (UKTAG 2012) with the initial
delimitation based on significant geological/hydrogeological boundaries as identified by the British
Geological Survey (BGS) (Fig. 17.34). These are then further sub-divided, where necessary, using the
major surface water catchment boundaries to establish the final groundwater bodies for the Water
Framework Directive (O Dochartaigh et al. 2015). This grouping permits identification and resolution
of groundwater management problems, abstraction pressure and mitigation of risk associated with
climate change, urban development, construction and changing land use. Pressure and competitive
use of Scotland’s groundwater bodies from borehole drilling, groundwater pumping and effluent
discharges is then controlled by the Water Environment (Controlled Activities) (Scotland)
Regulations 2011.

Groundwater condition: Regional surveys into groundwater chemistry in Scotland’s bedrock aquifers
indicate a high variability, reflecting a combination of lithology, mineral reactions, redox conditions,
groundwater flow paths and residence times (MacDonald et al. 2017). The BGS-SEPA Baseline
Scotland project 2005-2014 found oxic groundwater conditions dominate in most aquifers in
Scotland, consistent with shallow groundwater flowlines in fractured bedrock (MacDonald et al.
2017). Regionally, extensive reducing conditions are recorded in the Devonian North Sandstone
aquifer of Moray, in the Carboniferous sedimentary aquifers of the Central Belt, and in localised
mineralised springs in the Ordovician—Silurian rocks of S Scotland. In these areas groundwaters may
locally be strongly reducing, causing SO, and NH, (nitrate) reduction and even methanogenesis. The
chemical and quantitative (user demand) pressures on groundwater and the condition (or status) of
groundwater bodies are evaluated by SEPA on a regular basis along with an assessment of the risk of
future deterioration. Although more than 80% of Scotland’s groundwater bodies are currently in
good condition, there are areas with regional scale problems.

In terms of private water supplies manganese (Mn) concentrations may be a cause for concern
(MacDonald & O Dochartaigh 2005). The occurrence and concentration of Mn in groundwater is
controlled by a number of factors, including rock geochemistry, water chemistry and microbiological
activity. Weathering processes of mafic and ultramafic rocks, shale, greywacke and limestone, may
lead to elevated Mn concentrations in soil and sediment. Analysis of groundwater chemistry data
(Homoncik et al. 2010) recorded Mn concentrations in excess of Scottish Drinking Water Supply Limit
guidelines in over 200 sites across Scotland covering groundwater aquifers in Devonian,
Carboniferous and Superficial strata. The greater variability in Mn concentrations within aquifer
types than between them suggests that rather than geology as key control it may be explained by
redox and pH conditions in the water chemistry.
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However, the legacy of extensive coal and oil shale mining across the Central Belt (Fig. 17.13) is
currently the greatest pressure on Scotland’s groundwater resource. In many instances mine water
pollution results from deep mining operations where pumping to lower water levels was used to
facilitate coal extraction. As a result metal sulphides contained in the coal seams were exposed to air
during mining, releasing sulphates and soluble metal ions. On closure and cessation of pumping the
groundwater levels rebounded leading to flooding of former mine workings and dissolution of the
metals and sulphates (Fallas et al. (2023) Ch.18 this volume). Scottish coal mine waters are not
generally acidic, with pH values ranging from 6 to 8, and the principal dissolved metals are iron and
manganese. On reaching the surface, the water may be discharged through mine adits, shafts,
seepages or through stream beds where the iron rapidly oxidises and settles out, giving rise to the
characteristic orange staining. Without intervention, mine water pollution may take many tens of
years to decline (Wood et al. 1999) and can have a damaging effect on the aquatic environment and
ecology. The iron hydroxides smother the river bed, damaging the invertebrate life and other aquatic
life that feed off it and result in the loss of fish spawning grounds on river gravel.

It maybe several years later that polluting ferruginous mine waters emerge, for example as was the
case in the South Ayrshire and Central Fife coalfields which only began to see effects three and ten
years respectively after mine closures. More recently at Bilston Glen colliery in Dalkeith, Midlothian
which closed in in 1989, rising groundwater levels finally reached the surface in 2019 at Junkies Adit,
an historic drainage discharge tunnel linked to the River South Esk about 7 km from the colliery site
(Fig. 17.35). Junkies Adit is the lowest overflow point in a complex system of mine workings and
witnessed an increase in flow from 50I/s up to 200l/s and iron concentrations increased from 10
mg/l to around 50 mg/| causing a significant impact on the rivers Esk and South Esk (Fig. 17.35).

In terms of remediation the Coal Authority have a non-statutory programme of mine water
treatment schemes, which are prioritised in consultation with SEPA, according to environmental
impact. The preferred method of treatment involves a gravity or pumped feed of mine water
through a wetland system. But in some cases e.g. Bilston Glen an expensive active scheme with
chemical treatment is required. To date the Coal Authority programme has implemented 13 mine
water treatment schemes across Scotland, protecting 100 km of surface water.

Groundwater and climate change: Despite being generally regarded as a wet country with many
rivers and surface water bodies, Scotland is vulnerable to periods of dry weather and drought
increasing pressure on the environment and water abstraction. With climate change indicating a
decrease in summer rainfall (SEPA 2015a,b) and frequency of drought previously occurring once
every 40 years, now predicted once every 20 years by 2050 (Gosling 2014) then increasing water
scarcity is a major concern for the future. Recent periods of water scarcity are recorded in 2018,
2020 and again in 2021 (Fig. 17.36) with lives and livelihoods that depend on groundwater severely
impacted by these events.

Climate change will also likely result in an increased water demand for crop irrigation. The total
volume demand may increase by around 30% (SEPA, 2015b) with an increasing reliance on
groundwater to provide a reliable supply when surface water resources are under stress (SEPA
2015a). It is now estimated that around 50% of Scotland’s private water supplies are in areas of
increased vulnerability to water scarcity (Rivington et al. 2020) and climate change predictions
suggest the impacts on groundwater supplies will increase in frequency and severity. It is likely that
water scarcity will not be limited to the drier east of the country but extend to areas of Scotland that
have previously seen little impact. In response, Scotland’s water scarcity plan sets out how water
resources will be managed during prolonged dry weather, aiming to balance environmental, human,
and economic needs (SEPA 2015a). A key component is the reporting of a water scarcity index,
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allowing action to be taken depending on the severity of the event.
Hydropower

Geology also contributes to Scotland’s renewable target with an understanding of the nature and
tectonics of Highland rocks underpinning consideration of the design and construction of dams,
tunnels, and pump storage hydropower (PSH) schemes. The first public hydroelectric supply in
Scotland was constructed by the Benedictine monks at Fort Augustus Abbey in 1890, using power
from an 18 kW turbine housed in a rather unassuming building still visible today (Pegrum 2017).
Driven by the developing growing aluminium industry, Scotland required a large resource of cheap
electricity and the first commercial scheme opened at the Falls of Foyers in 1896 (SSE 2005). This
scheme combined pump and conventional hydro with turbines placed in 50 m deep shafts located
35 m below the level of Loch Ness. This innovation was followed by large scale schemes at
Kinlochleven and Lochaber and 34 years later in 1930 by the first large-scale linked catchment
scheme, constructed at Rannoch and Tummel Bridge in Perthshire. Schemes were also developed
further south in Lanark (Falls of Clyde) in 1927, and in Galloway in 1929. Despite these
developments, by the 1940s only one in six rural farms and one in ten crofts across Scotland had
access to a public electrical power supply (SSE 2005).

The Hydro Electric Development (Scotland) Act of 1943 set about developing this valuable resource
for social and economic improvement. Suitable hardrock crystalline igneous and metamorphic
geology across large regions of Scotland, combined with a glaciated topography influencing local
catchment hydrology, and of course a wet climate had, by 1965, resulted in the construction of fifty-
four power stations and seventy-four (impoundment) dams across the Scottish Highlands, together
generating some 1,000 MW of power. The engineering and geology aspects of this infrastructure
were reviewed by Johnston & Crichton (1966); more than half a century later, these facilities
continue to function subject to regular inspection to monitor the design life span. Since 1965 there
has been limited new development, largely due to a perceived shortage of suitable sites and
environmental concerns. Today, around 500 km of tunnel and aqueducts exist linking catchments to
turbines (Fig. 17.37; OFGEM 2022). Hydropower remains a key renewable energy resource second
only to wind power, in 2020 generating up to 19% of Scotland’s renewable electricity output
(Scottish Renewables 2021).

Energy storage: PSH is now a well-established energy storage technology and is mainly used as a
load balancing solution, for example feeding into the National Grid during periods of peak demand
and intermittency of supply, or utilising excess energy from wind farms and solar to pump water
back to an upper reservoir during off peak periods. Compared to conventional impoundment dam
facilities, PSH schemes tend to be smaller and less expensive overall, with shorter generating periods
and low energy capacity values; each scheme does though involve additional complex underground
infrastructure. The National Grid has estimated the UK will require an additional 10 GW of storage
capacity by 2030; with one exception, all of the proposed new PSH development sites are located in
Scotland (McKenzie 2021).

With the exception of Cruachan, the dramatic topography the Great Glen has remained a favoured
site for PSH developments providing very significant amounts of power (Fig. 17.38), (Lannen 2010;
McKenzie 2021). In 1974 Foyers was expanded to 300 MW and planning has been granted for a new
development at Dores (Red John). East of Ft. Augustus, the Glendoe facility constructed in 2009 is an
open loop system with a simple fall from a high level reservoir at 600 m asl. It has the highest head
of any hydro station in the UK and was designed to provide additional 100 MW of power during
periods of peak demand. At Coire Glas above Lochy (Fig. 17.38), construction started in November
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2021 on the first large-scale pumped storage scheme to be developed in the UK for more than 30
years (SSE 2021). Rated at up to 1 500 MW, the Coire Glas PSH would more than double Great
Britain’s existing electricity storage capacity. Further sites have been considered at Balmacaan north
of Fort Augustus and at Whitebridge on the east side of Loch Ness.

Faulting and tunnel collapse: The Great Glen Fault is a major steeply-dipping strike-slip fault and
related damage zone transecting the Scottish Highlands. With a strike length of 200 km, this fault
comprises a network of branching splay faults recording a complex history of movement and
reactivation (Smith et al. 2023, Ch. 1, this volume). Historical seismic activity indicates a clustering of
earthquakes in a corridor overlapping the fault along its length (Fig. 17.38). The present-day
regional stress field is interpreted as a combined response to ridge push in the North Atlantic region,
modified by ice-loading flexural release and unloading across NW Scotland (Becker & Davenport
2001; Baptie 2010; Fellgett et al. 2017). This suggests a locus for fault reactivation on essentially NE-
SW and NW-SE-trending fractures (Smith et al. 2023, Ch. 1, this volume).

Underground engineering challenges and tunnel collapse are a recognised risk during construction of
hydroelectric schemes, with many global examples spatially linked to tectonic weaknesses, mainly
faults. In Scotland, during construction at Foyers, weak sandstones and shales presented challenges
in sinking the required shafts (Land & Hitchins 1978), and an unlined tunnel collapse occurred in
1990 in the North Lochay Hydro-electric scheme in Perthshire (Cameron and Sandilands 1996). In the
latter, tunnel collapse was linked to the presence of multiple fault planes relating to the steeply-
dipping sinistral strike-slip Garabal Hill Fault. In this case, fault structures had been recorded within
the tunnel network during construction, with observations and descriptions of “dark soft mica-
schist”, “broken fault-rock” supporting an interpretation of narrow fault cores bound by broader
damage zones, cumulatively producing a zone of fault-affected rock up to 9-10 m in width.

Most recently, in 2009 the Glendoe scheme shut down just 2 months after commissioning due to a
major tunnel collapse. Situated in the hills above Ft. Augustus the Glendoe scheme linked a major
new dam to a turbine-hall located near Loch Ness, via the then longest unlined high pressure Tunnel
Boring Machine (TBM) tunnel in the UK. The tunnel was bored through schistose and gneissose
metasedimentary rock of the Grampian group (Prave et al. 2023, Ch 6, this volume) folded and
refolded during the Caledonian Orogeny and cut by later steep faults. Access to the tunnel and dam
site during construction provided a spectacular and rare opportunity for BGS geologists to observe
the geology (Fig. 17.39) and two major tectonic features exposed during construction namely, the
Eilrig Shear Zone in the TBM tunnel, and the Sronlairig Fault in the foundations to the dam plinth
(Kemp et al. 2020). Details of a third and crucial structure for the tunnel alignment, the Conagleann
Fault, were at that time obscured by shotcrete. After commissioning, tunnel collapse occurred in the
vicinity of the Conagleann Fault with a blockage extending over a tunnel length of 71 m, debris
flowing downhill to fill the turbine hall rock trap and a sediment plume dispersed out into Loch Ness.

Subsequent investigation to recover the facility included extensive borehole coring, surface mapping
and the driving of a by-pass tunnel around the collapse zone, that revealed the location and complex
nature of the Conagleann Fault. Shown on published geological maps as a single fault aligned parallel
to the Great Glen Fault it was in fact, in the vicinity of the underground collapse, characterised by a
70 m wide zone of intersecting fault structures and weak rock. The complexity of the fault pattern
and rock texture (Fig. 17.40) with extensive development of cataclasite and fractured and healed
psammite was unrecognised by the tunnelling engineers. Following attempts at adjudication a
lengthy court case ensued with litigation extending over several years (Hencher 2019).
Subsequently, Scottish & Southern Energy has commissioned detailed geological surveys for the
design and risk assessment for the proposed site at Coire Glas which have revealed new data on
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fracturing on the western margin of the Great Glen Fault with more undoubtedly to be revealed
during construction. These projects highlight the value of joint investigative approaches involving
geologists and engineers to de-risk high value infrastructure projects.

Concluding remarks

The geology of Scotland’s resources will continue to play a key role in underpinning future energy,
mineral and water requirements. Whilst considerable proven and untapped reserves of coal, shale
gas and coal bed methane remain underground across the Central Belt of Scotland, the licensing of
further carbon extraction is unlikely. In terms of minerals silica sand and barite will continue as key
commodities along with local sources for aggregate minerals. Although most of Scotland’s
requirements for critical materials will be met from elsewhere the geology of key sites in the
Highlands and Islands offers potential for research to support future exploration strategies.
Scotland’s water resources whilst relatively well understood increasingly require better data and
monitoring of groundwater systems for drought resilience induced by climate change and
anthropogenic pollution in former industrial sites.

Oil and gas production, although in decline, will remain an essential part of the energy mix for the
foreseeable future to underpin the transition to Net Zero. Ongoing developments are likely to focus
on small satellite fields combined with ‘late-life’ strategies in mature fields to maximise recovery
using enhanced oil recovery and water-gas alternating injection techniques. However, the value of
offshore resource extraction will also be leveraged against offshore wind and tidal power and the
repurposing of oil and gas fields and their infrastructure for carbon sequestration. In this context,
understanding of what we do not know in terms of underground storage of CO,, compressed air,
hydrogen and water for heating and cooling in our cities is key. Carbon capture and underground
storage remains to be trialled at an industrial scale, along with fracking for unconventional gas and
can only be viable with public and political acceptance and appropriate socioeconomic and political
frameworks.

In terms of future opportunities, national coverage of high resolution airborne geophysics combined
with deep test boreholes is required to provide data for multiple applications including assessment
of mineral deposit types, aquifer properties and contamination and temperature gradient data for
geothermal sites. Recovery of borehole core that intersected major faults will improve
understanding and interpretation of fault rock textures and the history of fracture fillings that can be
tied to regional to local stress fields, with implications for subsurface flow at a range of depths and
rock types. Encompassing all of the above is the need to strengthen education of earth sciences and
the relevance of geology to all applications and to inform the debate over environmental regulation
and Scotland’s future energy portfolio.
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Figure captions

17.1. Location of aggregate and silica sand quarries with background geology. (a) Igneous and

metamorphic resources, (b) Limestone resources, (c) Sandstone resources, (d) Sand and gravel
resources and silica sand quarries. Source: Compiled from Cameron et al. (2020), Bide (2020)
and BGS Mineral Planning Fact Sheets for Silica Sand and Construction Aggregates, BGS ©
UKRI.

17.2. Aerial view of aggregate quarry at Glensanda. Source: Photo image reproduced with

permissions © Aggregate Industries.
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17.3. Aggregate production in Scotland 1975-2019. Source: Contains data from Gribbble (2002) and

BGS Minerals Yearbooks 2006, 2010, 2020. BGS © UKRI.

17.4. (a) Kelvingrove Art Gallery and Museum. Built in the Spanish Baroque style using Permian

sandstone from the Locharbriggs quarry near Dumfries, which has been worked continuously
from 1890 and widely used in Glasgow and throughout the UK. Source: Photo image
reproduced with permissions © Alamy Stock Photo. (b) Marischal College. The granite for the
early works came from Rubislaw quarry and the later parts including facade from Kemnay
quarry. The magnificent fine detail of the multipinnacled and crocketed facade only became
possible using the latest cutting technologies installed at the peak of the granite industry.
Source: Photo image credit Jim Henderson.

17.5. Location of known mineralisation (critical materials + barite and gold) in Scotland. Source:

Reproduced from Rice (2002), contains BGS data after Smith (1992) and Smith and Gallagher
(1994) © Geological Society London.

17.6. Metallogenic stratigraphy of the Argyll Group (Middle Dalradian). Barite-rich horizons in blue,

other mineralised horizons in red. Source: Reproduced from Rice (2002) contains BGS data
after Smith (1992) and Smith and Gallagher (1994), © Geological Society London,.

17.7. Geology and stratigraphy of the Aberfeldy barite deposits from Moles and Selby (2023). (a)

Bedrock geology in the vicinity of Foss and Ben Eagach—Duntanlich barite deposits. Also shown
are boreholes for which stratigraphic profiles are provided. Marginal two-digit numbers are
UK Ordnance Survey kilometre grid eastings and northings. (b) and (c) Representative
stratigraphic (true thickness) sections showing lateral continuity of stratiform beds with lateral
facies and thickness changes in mineralization and host sediments. (b) the Foss East deposit,
red numbers alongside profiles indicate the mineralized bed number, M1 to M7. (c) the
Duntanlich mineralized bed. Modified from sections produced by Dresser Minerals geologists
with further logging by Moles. Source: Reproduced from Moles and Selby (2023), Fig. 1b, 4a
and 4b © Elsevier.

17.8. Geological map of Cononish. Source: Modified after Rice (2002) and Tanner (2012). ©

Geological Society London.

17.9 Cononish gold mine. The vein system. It varies in width from a few cm up to 6 m in width, with

considerable grade variation within the ore body itself making mining with minimal dilution a
challenge. The vein material varies from white quartz with few sulphides (very low grade) up
to very sheared and brecciated mottled quartz with concentrations of pyrite, chalcopyrite,
galena and bornite (high grade). Source: Photo image with permissions Scotgold Resources.

Topic Box TB17: (a) White quartz-pelite breccia from the foot-wall contact of the vein system 888 m

from the mine adit portal. Pink potassium feldspar occurs within the pelite wallrock and as
discontinuous selvedges of euhedral crystals to white quartz cementing the breccia.
Chalcopyrite and pyrite are closely associated with the feldspar. The pyrite contains gold and
silver telluride inclusions in fractures (not shown) and is typical of Stage 2 mineralization
(Spence et al. 2018). (b) The feldspar has been dated by Ar/Ar analysis (note ablation pits) and
gives an age of c. 407 Ma for the gold mineralisation. Source: Reproduced from Rice et al.
(2012). Source: Photo © Clive Rice and Darren Mark.

17.10. Scottish examples of critical materials. (a) Li- rich pegmatite, Glenbuchat, Aberdeenshire.

Tourmaline black, feldspar white and pink, quartz glassy, mica green. Source: BGS Photo
image P3672, available GeoScenic | Image Details - P000072 (bgs.ac.uk) BGS © UKRI. (b)
Stibnite, New Cumnock. Source: Photo image reproduced with permissions © NMS (c) Back
scatter electron microscope image of euhedral allanite, the main REE-bearing mineral,
showing prominent growth zones where high brightness equals enrichment in REE. Cnhoc nan
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Cuillean intrusion, Loch Loyal syenite complex. Source: Photo image reproduced from Walters
et al. (2013), Fig. 4d, Open Access © Springer.

17.11. Location of Alva and Hilderston Ag-Co mineralisation in the eastern Midland Valley in relation
to faults and the distribution of quartz-dolerite sills modified from Cameron and Stephenson
(1985) using BGS625K and BGS50K data. The extent of the Carboniferous Strathclyde Group
containing oil-shales and carbonaceous mudstone. Source: Modified after Fig. 10. 33.
Monaghan et al. (2023) Ch. 10 this volume. Contains BGS GEOLOGY 50K Data © UKRI
Ordnance Survey data © Crown Copyright and database rights 2020. Hillshading using
NEXTMap Britain elevation data from Intermap Technologies. BGS © UKRI.

17.12. Trends in output of deep-mined and open-casted coal and rise of renewables in Scotland.
Source: modified after Rippon (2002 Fig. 17.1), contains open source data from Scottish
Government 2017. BGS © UKRI.

17.13. Map of Scottish coalfields and opencast sites. Source: contains BGS GEOLOGY 50K Data ©
UKRI and Ordnance Data © Crown Copyright and database rights 2020. Hillshading using
NEXTMap Britain elevation data from Intermap Technologies BGS © UKRI.

17.14. Longannet, Scotland’s last coal-fired power station on the Firth of Forth, Kincardine. Source:
Photo image reproduced with permissions © powerstations.uk.

17.15. Summary stratigraphic cartoon of remaining coal and selected unconventional resources in
the Central Belt, Scotland. A selection of key boreholes for energy reserves shown
schematically. UKGEOS= UK Geoenergy Observatory boreholes. Source: Modified after
Monaghan et al. 2023, Fig. 10.4 this volume and Rippon (2002, Fig. 17.4) BGS © UKRI).

17.16. ‘The Five sisters’ West Calder, West Lothian. Conical spoil heaps or ‘bings’ of spent oil shale.
Source: BGS photo image P000199, available GeoScenic | Image Details - PO00072 (bgs.ac.uk)
BGS © UKRI.

17.17. Cross-section through the D’Arcy anticline, Midlothian. Source: Modified from Pye and Brown
(2002) with current stratigraphic nomenclature © Geological Society of London.

17.18. Map of sedimentary basins with oil, gas and condensate fields in Scottish offshore waters in
2022, highlighting new discoveries and selected fields mentioned in text. For location of other
fields mentioned in text reader is referred to Pye & Brown 2002, Fig. 19.2 and Oil & Gas
Authority (OGA) online database. Line of sections in Figs. 17.21 and 17.22 indicated. Source:
UKCS basins are digitised from 1996 BGS Tectonic Map of Britain, Ireland and adjacent areas.
Sheet 1. 1:1 500 000 series. Contains information provided under OGA Open Licence,
Hillshading using NEXTMap Britain elevation data from Intermap Technologies. BGS © UKRI.

17.19. Stratigraphic columns showing main reservoirs, source rocks and sedimentary environments
in Atlantic and North Sea provinces offshore Scotland. Source: modified after
Tectonostratigraphic Atlas of the North-East Atlantic region (NAG-TEC). BGS © UKRI.

17.20. Representative geological cross sections through (a) Central North Sea and (b) Northern North
sea with key stratigraphic horizons as picked from seismic data. Location of lines shown in Fig.
17.19. Source: Images modified from information provided by the OGA released
https://www.nstauthority.co.uk/media/5850/0ga-open-user-licence_210619v2.pdf. BGS ©
UKRI.

17.21. Representative geological cross section in Faroe-Shetland Basin with key stratigraphic
horizons as picked from seismic data. Location of lines shown in Fig. 17.19. Source: Images
modified from information provided by the OGA released
https://www.nstauthority.co.uk/media/5850/0ga-open-user-licence_210619v2.pdf. BGS ©
UKRI

17.22. Summary diagram of key elements in CO; capture, transport and storage. Source: BGS © UKRI
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17.23. Cartoon of geology for legal purposes of defining a CO; site and complex. Including indications
of pressure communication, and the intensity on monitoring required with depth. Source:
Reproduced from Haszeldine and Ghaleigh (2018) © Hart Publishing, an imprint of
Bloomsbury Publishing Plc.

17.24. Map of oilfields and saline aquifers from appraisal by Rennie et al. (2009). Source: Image open
access from Scottish Centre for Carbon Storage and Scottish Government.
http://hdl.handle.net/1842/15718.

17.25. Location of potential CO, storage aquifers and storage sites shown by dotted lines in Captain
and Mey Sandstone formations with connecting oil & gas pipelines. Source: contains data
from Lynch (2019) © ACORN ERA-NET ACT Final Report No. 10196ACTC-Rep-35-01, 2019.
Hillshading using NEXTMap Britain elevation data from Intermap Technologies. BGS © UKRI.

17.26. Map of CO;, point sources and offshore storage sites in 2018. Source: derived from the CO2
Stored database Bentham et al. (2014), using BGS data. BGS © UKRI

17.27. Geological features of hydrogen storage. Source: Reproduced from Heinemann et al. (2021).
Creative commons license CC-BY 3.0 © **

17.28. Bottom-hole temperature graph for Scotland. Source: After Gillespie et al. (2013). BGS ©
UKRI.

17.29. Geological settings in Scotland with potential for local heat anomalies. Source: contains BGS
GEOLOGY 50K Data © UKRI and Ordnance Data © Crown Copyright and database rights 2020.
Hillshading using NEXTMap Britain elevation data from Intermap Technologies. BGS © UKRI.

17.30. Example of stoop and room voids from former underground mining to illustrate what a mine
water reservoir or aquifer may look like if more deeply buried and flooded. In this example the
person is standing near one mined void and another is present to the left centre of the photo.
The ‘rooms’ have a fill of mine waste and collapsed mudstone as well as an open void beneath
a sandstone roof. Source BGS Photo image P220021 Blindwells Opencast Site, Tranent,
available GeoScenic | Image Details - P000072 (bgs.ac.uk). BGS © UKRI.

17.31. Schematic of mine water heating using a borehole doublet. Mine water, commonly between
10 and 25°C, is pumped to the surface. Heat pumps transfer and concentrate heat from the
mine water, raising it to a temperature suitable for domestic or industrial applications (45—
70°C). The water within this separate loop can be used to heat homes and buildings. The cooler
mine water is returned to a different part of the mine system, where it begins its journey to be
reheated. BGS © UKRI.

17.32. Mine water temperature maps at 100 m and 500 m depth). Equilibrium refers to the fact the
temperature reading was not taken during pumping. Average (arithmetic mean) estimated
temperature in Mine Water Blocks. Annotated with formerly operational mine water schemes,
feasibility studies and exploratory drilling. Source: Data from Farr et al. (2020) Contains BGS
GEOLOGY 50K Data © UKRI and Ordnance Data © Crown Copyright and database rights 2020.
Contains Mine Water Blocks and data © Copyright Coal Authority (2020) all rights reserved. BGS
© UKRIL.

17.33. Groundwater abstraction in Scotland. (a) Licensed groundwater abstractions. Source: Contains
SEPA data © Scottish Environment Protection Agency and database right (2023). All rights
reserved and (b) Private water groundwater supplies in Scotland 2022. Soure: Image provided
by SEPA contains data from Drinking Water Quality Regulator, Crown Copyright.

17.34. Distribution of groundwater bodies and geology in Scotland. (a) bedrock and (b) superficial
after O Dochartaigh et al. (2015). Source: Contains BGS GEOLOGY 625K Data © UKRI and
Ordnance Data, Crown Copyright and database rights 2020. BGS © UKRI.

17.35. Coal mine water discharge (a) Junkies adit in Dalkeith and (b) impact to the River South Esk.
Source: Photo images SEPA data © Scottish Environment Protection Agency and database right
(2023). All rights reserved.
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17.36. Example of Scotland’s groundwater situation report from July 2021. Source: Contains SEPA data

© Scottish Environment Protection Agency and database right (2023). All rights reserved.

17.37. Scotland’s electrical transmission system grid with hydro energy resources. Box indicates

location of Fig. 17.38. Source: Compiled from various sources including Scottish Hydro Electric
Transmission Limited, Scottish Hydro Electric Power Distribution Limited, Scottish Power
Transmission Limited and SP Distribution Ltd (2009). Hillshading using NEXTMap Britain
elevation data from Intermap Technologies. BGS © UKRI.

17.38. Distribution of Pump Storage Hydropower sites in the Great Glen, with regional faults and
instrumented and historical seismic events. Source: Contains BGS GEOLOGY 50K Data ©
UKRI and Ordnance Data © Crown Copyright and database rights 2020. BGS © UKRI.

17.39. Glendoe Hydropower unlined tunnel during construction cutting folded and metamorphic
rocks of the Grampian Group. Tunnel diameter is 3 m. Source: BGS photo image: P700856
available GeoScenic | Image Details - P000072 (bgs.ac.uk). BGS © UKRI.

17.40. Fault rock textures in the Conaglean Fault Zone as observed in Glendoe Hydroelectric Scheme

borehole core. a) foliated ‘annealed breccia’ (cataclasite) in horizontal borehole T1, depth 54.2
m, b) ‘brecciated zone’ (cataclasite) cutting psammite in borehole C3, depth 144.5 m. [BGS ©
UKRI. Source: Photo images reproduced from BGS commissioned reports CR/10/087 and
CR/10/088.
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