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Abstract

Re-use of the UK’s coal mine water heating, cooling and thermal storage resource is
increasing in scale and the number of schemes. The upwards trajectory requires 3D
planning, regulation and licensing to manage sustainable deployment. We review geological
factors controlling thermal and flow processes in the anthropogenically-altered subsurface,
critical for resource management with multiple users of the same space. Potential
interactions of mine water geothermal schemes with the wider environment are also
summarised, leading towards concepts of 3D mine water thermal blocks, protection zones,
or management strategies integrating heating, cooling and storage demands.

Factors such as the magnitude, extent and timescale of thermal processes to underpin
management approaches are poorly quantified by data measured at-scale under varying
pumping rates and thermal loads. We demonstrate early insights of how two infrastructures,
the UK Geoenergy Observatory in Glasgow and the Coal Authority’s Mine Water Heat Living
Lab in Gateshead, can measure and monitor heat-flow processes in real world settings to
provide an evidence base. For example, a thermal storage test at Glasgow showed rapid
temperature changes in the rock and mine workings at the re-injection borehole and
indicated an influence of lithologically-controlled transmissivity and thermal conductivity on
temperature dissipation and recovery.

Supplementary material: Two spreadsheets of data as plotted on Figure 5
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Re-use of transmissive, flooded former coal mine workings as a shallow geothermal
resource is a proved technology for heating buildings (Jessop et al. 1995; Korb, 2021;
Jardon et al. 2013; Verhoeven et al. 2014; Athresh et al. 2015; Walls et al. 2021; Chu et al.
2021; Gasperikova et al.,2024; Wang et al. 2024). With schemes already operational at
larger scales in north-east England (Lanchester Wines 2.4 MWwn and 3 MW, Walls et al
2021, Banks et al. 2022; Gateshead heat network up to 6 MW, Coal Authority, 2023), a
significant opportunity exists in the UK to expand the use of low temperature mine water
heating, cooling and thermal storage in the quest to reduce greenhouse gas emissions from
fossil fuels and decarbonise heating and cooling of buildings. Such decentralised local
energy also increases the resilience and security of energy supply, assuming it can be
sustained long-term.

Located beneath many highly populated former mining areas of the UK, estimates vary on
the theoretical and recoverable size of the resource for heating (Gillespie et al. 2013; Todd
et al. 2019) and cooling/thermal storage (Gluyas et al. 2020). Factors that determine the
recoverable geothermal resource range from economics, surface demand, land availability,
social acceptability (Townsend et al. 2020; Starcher et al. 2021; Roberts et al. 2023) as well
as technical geological factors and geo-engineering (Banks et al. 2009, 2017; Walls et al.
2021; Monaghan et al. 2021, 2022). One key aspect is ensuring that the thermal resource,
and use of the groundwater that forms the ‘working fluid’ for the thermal resource, is
sustainable over timescales of tens of years of an operational scheme. In basic terms: will
the heat run out? In addition as utilisation grows, there is potential for adjacent schemes to
interact, positively or negatively. Questions also arise around whether multiple schemes
may cause undesirable cumulative environmental impacts.

In the UK currently, no one owns or regulates geothermal heat (Abesser et al. 2018, 2023;
Abesser and Walker 2022). Mine water geothermal schemes operate under:

a) groundwater licensing and environmental permitting by environmental regulators;

b) permit to enter mine workings and Heat Access Agreements from the Coal Authority
c) local authority planning procedures

d) notice for drilling to the Health and Safety Executive

Examples of the regulatory and permitting system are given in Starcher et al. (2021), IEA
Geothermal (2023a). For future increased deployment of the technology, effective decision
making on 3-dimensional subsurface planning, regulation, licensing and permitting is likely to
require an improved technical evidence base. For example, to understand whether heat (or
cool) is likely to run out, or the efficiency of thermal storage, the multiple factors controlling
temperature and heat transfer in flooded mine systems require better quantification.
Critically, this includes the magnitude, extent and timescale of thermal depletion and
recharge. In turn, that understanding feeds into values and models of thermal interactions of
adjacent geothermal schemes, to complement the better known pressure/groundwater level
responses of adjacent pumped mine water abstractions. Finally, permitting of mine water
geothermal schemes rests on subsurface and surface environment interactions (water, gas,
chemical, physical), with potential for cumulative impacts from users of groundwater,
geothermal and subsurface space.

In this paper, we firstly review multiple technical factors by synthesizing illustrative
conceptual models relevant to the processes controlling temperature, flow, environmental
interactions. By applying these to management approaches for subsurface users of mine
water heating, cooling and storage technologies we aim to document:

a) a greater understanding of the complex geological, hydrogeological and thermal
processes in an anthropogenically-altered subsurface;
b) considerations for the competing demands of multiple subsurface users (e.g. for

heat, groundwater, buried utilities and infrastructure, geoenergy storage) in an
increasingly crowded subsurface in the UK.



The first section reviews factors controlling temperature and heat transfer in flooded,
disused mine workings to examine controls around ‘will heat run out? ‘and ‘how far/how
fast?’ are induced thermal changes. The second section reviews potential environmental
interactions, with literature review around evidence if these have been realised. The interplay
of these technical geoscientific factors in management of mine water geothermal schemes is
discussed in the third section, focusing on the case of multiple users of the subsurface.

Heat and flow modelling is increasingly used to predict the thermal resource (Rodriguez
and Diaz, 2009; Renz et al. 2009; Peralta Ramos et al. 2015; Loredo et al., 2016; Mouli
Castilo et al. 2024) but a limited number of models are calibrated against operational
temperature data (Andres et al. 2017; Dreisner, 2021). Whilst the mine water heat schemes
in Europe, China and USA cited above demonstrate growth and interest in the technology,
there is limited quantification of the magnitude, extent and timescale of subsurface thermal
transport and heat transfer properties needed to underpin management approaches for mine
water geothermal, measured at-scale in real world systems. Two contrasting at-scale
infrastructures, the UK Geoenergy Observatory in Glasgow and the Coal Authority Mine
Water Heat Living Lab in Gateshead have extensive instrumentation and sensors that
monitor and measure technical hydraulic and thermal parameters to allow novel monitoring
programmes. Here we present some early results to develop proof of concept that these
sites can quantify at-scale, real world rates and processes by monitoring operations of mine
water geothermal induced changes. Future experimentation and monitoring at these sites
will further quantify the evidence base that can be applied to subsurface planning, regulation
and licensing of mine water heating, cooling and thermal storage schemes.

Review of geological factors for mine water heating, cooling and thermal
storage

A range of processes and factors are at play within flooded, disused mines under both
natural conditions and pumping conditions, summarised below. Critical to our understanding
of how these influence temperature depletion and recharge are their relative contributions
and the rates and magnitudes on which they operate.

CONTROLS ON TEMPERATURE AND HEAT TRANSFER IN MINE WATER SYSTEMS

Factors controlling the supply of heat in coalfield settings have been documented previously
(e.g. Banks et al. 2004; Gillespie et al. 2013) and include:

a) Variability in geothermal sources of heat, e.g. heat derived from radioactive decay
(Figure 1)

b) Contribution of solar heat warming near surface (surface to ¢.20 m deep) rocks and
groundwater (Figure 1)

c) Chemical reactions (e.g. sulphide oxidation; Figure 2)

d) Subsurface urban heat island including ground source heating/cooling/thermal
storage boreholes (Figure 2).

Table 1 and Figures 1, 2 identify key controls and processes on the geothermal gradient
(and therefore temperature) and heat transfer, fundamental to managing mine water
geothermal schemes and their sustainability.

These variations in supply and transfer of heat manifest themselves in well documented
variations in the UK regional heat flow (e.g. Rollin, 1995; Busby and Terrington, 2017,
Westaway and Younger 2013), geothermal gradients and therefore in estimated subsurface
temperatures at various depths (Busby et al., 2011). Highest heat flow rates of around 120
mW m™ occur in areas underlain by heat-producing (radiothermal) granites in south-west
England. Over coalfield areas of the UK, heat flows of around 40-80 mW m~ are most
common (Busby et al., 2011). A baseline characterization of mine water temperature in



Britain’s coalfields is given by Farr et al. (2020) who document many examples of measured
temperature increasing with depth and estimate a median geothermal gradient in equilibrium
(not actively pumped) coalfields of 24.1°C/km; mean geothermal gradients in separate
coalfields were found to vary from 17.3 to 34.3°C/km.

The relative contributions of the different processes in Table 1 to heat flow and temperature
and the timescales over which the processes operate are not well quantified. The dominant
process for heat transfer in mines is caused by the bulk movement of water, convection, that
can either be free (e.g. because of water density changes) or forced (advective heat transfer
e.g. groundwater flow such as driven by a natural hydraulic gradient or caused by pumping)
(Wolkersdorfer, 2008). Conduction plays a role in the heat transfer in the rock mass and the
heat exchange with the mine water and becomes a more important contribution when
considering the long-term sustainability of the system (e.g. Loredo et al., 2017). Due to the
close link between heat and water flow (advection), heat transport in the mines is, to a large
part, impacted by the same processes as water, namely the connectivity of the mine system,
aquifer properties of the mine workings (open voids, collapsed zones, goaf (rubble formed by
collapse of the mine working) and packed wastes (waste rock that miners used to fill mined
voids), pillar and stall workings (interconnected ‘rooms’ separated by intact ‘pillars’ of coal))
and associated fractured/collapsed zones. However, thermal processes and temperature
changes occur on different timescales than the pressure or water level hydraulic changes
transmitted through the mined aquifer system and commonly monitored and managed in the
coalfields.

In cities, the mass of anthropogenic material and heat sources - buildings and their
foundations, artificial ground, subways and increasingly shallow ground source heating and
cooling systems — can both create a thermal blanket and a thermal heat source. Heat
transfer from the built infrastructures lead to the subsurface urban heat island effect (SUHI)
to depths of 100 m or more (Ferguson and Woodbury, 2007; Benz et al., 2015; Patton et al.,
2015; Westaway and Younger, 2016; Farr et al. 2017; Watson et al., 2019; Figure 1).
Studies in non-mining areas have highlighted the role of geology/hydrogeology (e.g.
groundwater flow rate in highly permeable layers) on heat transfer in such settings (e.g.
Bayer et al. 2019; Bidarmaghz et al., 2019); a situation likely to be enhanced in mined
systems and of importance for heat transport and recovery.

In studies of mining areas of Newcastle/Gateshead and Glasgow, Westaway and Younger
(2016) and Watson et al. (2019) proposed heat flow perturbations in boreholes to be the
result of entrainment and lateral dispersion of heat through flooded mine workings. In the
Newcastle/Gateshead example this was within a pumped system. The present thermal state
was found to reflect changes since the mining modification took place, retaining no ‘memory’
of the former thermal state before mining began (Westaway and Younger, 2016),
highlighting that altered heat-flow processes take place on timescales of less than tens of
years. In the Glasgow example, a perturbed, urban temperature profile of Glasgow
Observatory borehole GGCO1 was attributed to 2.0°C of global warming since the Industrial
Revolution and 0.7°C of local UHI development. The shallow subsurface was warmer than it
would have been before the Industrial Revolution to around c. 90 m, and colder below that
depth interpreted to be due to the high permeability effect of mine workings (Watson and
Westaway, 2020).

Heat-flow modelling is a fundamental step to predict and manage the geothermal resource,
providing the quantitative information of temperatures, thermal outputs etc. over timescales
of hours to years that are necessary for assessment and planning. Different approaches
provide complementary insights; analytical approaches solve the exact mathematical
equations and are appropriate for simplified processes and scenarios; numerical models
provide outputs over more complex problems and geometries, such as those characteristic
of flooded mines (Loredo et al., 2016, 2017). In contrast to modelling in natural porous media



aquifers with well-established workflows, an important limitation of numerical modelling in
flooded mine workings is the lack of generalised modelling strategies for simulation of
groundwater flow and heat transport in interconnected voids (pipe flow) and fractured rock,
as well as porous media. Modelling approaches in mined systems vary dependent on the
guestion being asked and, as with all models, are ‘an assembly of simplifications about a
complex, real system, which achieves a valid representation of that system’ (Younger and
Adams, 1999). In mine models, limitations include uncertainty in the model conceptualisation
and regional hydrogeological boundaries, high computational requirements of solving a
multiphysics problem, detailed geometrical models, uncertainty in the extent and
parameterisation of hydraulic and thermal properties (roadways, open voids, backfilled, goaf
and collapsed zones).

Summarising, advection processes are dominant in mined coalfields with pumping playing
an important role in the thermal profiles of coalfields (e.g. Westaway and Younger 2016). An
improved evidence base on the key controls on and values of rate and magnitude of heat
transfer processes are needed; early results from at-scale instrumented sites are provided
below.

Integrated heating, cooling and thermal storage

With interest growing in low temperature district heating and cooling networks (e.g. 5"
Generation District Heating and Cooling that use direct exchange of warm and cold flows
and thermal storage to balance thermal demand) and in interseasonal and electrical grid
intermittency balancing using underground thermal storage, the role of integrated heating,
cooling and thermal storage in mine water energy is increasingly important. Clearly,
integrated heating/cooling/storage schemes are grounded in subsurface heat transfer and
exchange processes that affect subsurface temperatures. They are likely to increase the
resilience of mine water geothermal (and geothermal subsurface use in general) by
mitigating against heat depletion by over-abstraction of heat or by multiple adjacent users.
Excellent understanding of local thermogeology and processes will be needed for
sustainable management (e.g. to avoid thermal dispersion from groundwater flow; or
interferences between warm and cold cells), along with improved understanding of
cumulative heat-flow cycling and heat recovery efficiency. Provision of heating and cooling
may present an opportunity to thermally balance these schemes, possibly improving their
long-term sustainability.

Significant thermal storage potential in UK flooded mines has been estimated by Gluyas et
al. (2020, c.16 TWh, AT 5°C scenario). For thermal storage in mine workings, the idealised
geological factors influencing temperature are different to those for heat abstraction with the
need to keep stored heat in place (e.g. lithology (Silva et al., 2022), faults and fractures,
geometry; limited recharge/discharge). A number of active research projects are
investigating this further at demonstration sites. High temperature mine thermal energy
storage (‘HT-MTES’, AT of 50 °C) is being tested in Bochum, Germany, using heat
transferred from solar collectors to a mine working at 74 m depth (Heatstore, 2022). Pilot
projects are also in progress in the UK to examine ‘geobattery’ thermal storage and transport
in mine workings (Fraser Harris et al. 2022) and application to waste heat from a computer
data centre (Galleries to Calories project University of Edinburgh, 2024), investigating
thermal storage in mine shafts from curtailed wind energy (STEaM project, Geothermica,
2024) and in Cornwall using surplus heat from the United Downs geothermal scheme for
high temperature storage in nearby mines (PUSH-IT, 2024 ).

Review of potential environmental interactions



In addition to management of depletion or replenishment of the thermal resource, mine water
heating, cooling and thermal storage schemes have potential to induce change in, and
interact with, the wider subsurface and surface environment (Figure 3, Table 2,3). Changes
could be beneficial, for example improved groundwater management and monitoring, use of
the subsurface urban heat island, as well as reduction in CO2 emissions from heating. Or
conversely, changes may adversely affect the status quo and require mitigation (Table 2).
Typically, these factors are identified during the planning and permitting process, and
measures are specified for their monitoring and/or mitigation. For example, regulatory,
permitting and guidance processes for drilling, groundwater abstraction and recharge in
coalfields may include obligations for the monitoring of groundwater, surface water levels
and geochemistry, gases in water, soils and near surface, ground motion (Table 2, 3), as
well as a requirement for considering the cumulative impacts of multiple
abstractions/disposals. The potential impacts depend on the type of geothermal scheme
(open loop with re-injection to mine workings or shaft; open loop with discharge to a mine
water treatment scheme; closed loop), the depth and scale of operation and the local
geology/geometry/hydrogeology (Banks, 2012; Preene and Younger, 2014; Zhu et al., 2017,
VOoGERA 2019; Crowdthermal 2020; Environment Agency 2021).

In understanding potential environmental impacts, an appropriately designed monitoring
system is an important tool to evidence that there has been no impact on the environment,
or to provide an early warning system if impacts are seen (Figure 3, Table 2).

HYDROGEOLOGICAL SYSTEM

In coalfields, the baseline hydrogeology of Coal Measures strata is complex due to the multi-
layered nature that favours development of multi-aquifer systems (e.g. O Dochartaigh et al.
2015; Banks et al. 2022), modification of hydrogeochemistry by mining activities (Younger,
2001; Younger et al. 2002; Loredo et al. 2017) and post-mining groundwater rebound
(Younger and Adams, 1999; Burke and Younger, 2000). A robust geological and
hydrogeological conceptual understanding of the area and incorporation of hydrogeological
expertise into design and development of mine water schemes is essential to avoid well
interference and unrealistic expectations of yield (Banks et al. 2022). Processes to be
considered in engineering design and environmental monitoring of the hydrogeological
system include;

a) Open-loop mine water heat schemes with abstraction and reinjection of mine water
may modify groundwater flow regimes locally, reduce or increase groundwater levels
in the surrounding aquifer, or alter fluid movement pathways around faults. The
magnitude and extent will be dependent on aquifer properties and pumping rates;

b) Drilling of boreholes may create a hydraulic connection between otherwise isolated
aquifers, creating potential contamination pathways or mixing of waters of different
hydrogeochemistry (Banks, 2012);

c) Potential for leaks from the casing due to poor construction or from closed-loop
systems carrier fluid (Zhu et al., 2017), could cause environmental impacts if leaked
into mine water or overlying aquifers used for water supply;

d) Changes in temperature affect solubility of minerals and gases in water and may
increase rates of chemical reactions, or biogeochemical reactions where increased
microbial activity can lead to biofouling (clogging of the wells or pumps, Osvald et al.
2017).

Monitoring of groundwater level and temperature, as well as surface and groundwater quality
may be required for permitting and licensing (Table 2).



GEOMECHANICS AND GROUND MOTION

Mining has created significant changes in the geomechanics (strength, pressure, stress
state) and properties (porosity, permeability, hydraulic conductivity etc.) of the rock mass.
Active mining in the UK commonly caused subsidence (e.g. NCB, 1975; Healy and Head,
1984; Mason et al., 2019) and induced seismicity events due to collapses (e.g. Al-Saigh and
Kusznir 1987; Baptie et al., 2016; including planned collapses in longwall mining; most less
than earthquake magnitude 2.6 ML; Table 3). During the years following mine abandonment
and flooding, localised subsidence of older, shallow workings (e.g. Bell and De Bruyn, 1999),
regional changes in ground deformation (commonly uplift associated with mine water
rebound: e.g. Bateson et al., 2015, Gee et al, 2017) and accompanying aseismic
slip/differential subsidence on natural faults (Donnelly et al., 2008) have also been observed
(Table 3). These observed mining-related impacts logically lead to questions on whether
mine water geothermal will cause subsidence or seismicity (e.g. Environment Agency,
2021).

The size/scale of the pumping, temperature, water level and flow changes involved in mine
water geothermal (e.g. pumping rates 20-40 L/s, 27 m maximum drawdown at two
Lanchester Wines schemes, Gateshead in Banks et al. 2022; up to 140 L/s at Gateshead
Heat Network, IEA geothermal 2023c) are orders of magnitude less than those induced by
the historic mining operation itself (e.g. Table 1 of Harrison et al. 1989, multiple working
mines pumping at 100s L/s to maintain water levels at -107 to -570 m below Ordnance
Datum) or by rebound of groundwater after cessation of pumping at coalfield scale (Younger
and Adams, 1999; Gee et al. 2017).

Whilst there is extensive knowledge of mining-related geomechanics and property changes,
limited numbers of studies relate to mine water geothermal operations specifically. Banks
(2012) and Younger (2014) summarise that collapse/subsidence are likely to affect only the
shallowest and least stable workings. Probability of fault slip on certain fault orientations
during mine water geothermal activities based on modelled stress field, fluid pressures and
rock properties for the South Wales Coalfield noted significant uncertainty in rock property
input parameters (Healy and Hicks 2022). Coupled thermal-hydraulic-mechanical modelling
of pillar and stall workings by Todd et al. (2019, 2024) indicated that cyclical injection and
abstraction of heat impacts the modelled mechanical stability of the system. However
modelled risk impacts from controllable factors (temperature, amount of water reinjected)
were of greater importance than geological and mine geometry.

Mitigations for mine water geothermal operations are therefore likely to include not utilising
the shallowest mine workings and limiting drawdown of groundwater levels. Reducing
pressure increases by balancing the flow rate and volume or mine water abstracted with that
re-injected, commonly into another part of the same mine water body is considered in some
regulatory regimes (e.g. Scottish Environment Protection Agency GBR17, SEPA, 2022). In
deep geoenergy technologies, induced seismicity is most often associated with high-
pressure reinjection of waste water and the resulting increase in pore fluid pressure on
already critically stressed faults on certain orientations (e.g. Deichmann and Giardini 2009).
Mine water geothermal differs from these geological situations in several regards: (i)
reinjection pressures are low as the mine water system is an extensive, highly permeable
reservoir, commonly with connections to atmosphere through shafts and other mine entries;
(i) mine water reinjection levels are likely to be relatively shallow, pressures at these depths



are far lower than reinjection at a few kilometres depth; and (iii) the impacts of mining
activities are likely to have already altered the shallow stress state, such as faults with stress
build up.

Destabilisation of disused mine workings via poorly designed boreholes resulting in removal
of supporting backfill material (“goaf”), or erosion of open roadways and pillars may also be
considered a risk for mine water geothermal activities. However, in considering crown-hole
formation (surface collapse) from erosion or removal of buoyant support due to pumping,
Younger (2014) states that ‘no examples of such induced crown-holes are reported from the
numerous Coal Authority pumping operations in the UK. The risk can thus probably be
dismissed for all but the shallowest of mine workings in the most unstable strata’. The
converse process of sedimentation leading to deterioration of the mine water reservoir
properties after mine abandonment has also been documented (Andrews et al. 2020).

Thus, whilst pressure, flow and thermal changes induced by mine water geothermal
schemes could theoretically affect a range of geomechanical processes that may result in
ground motion (Table 3), literature review provides no examples of impacts being observed
in the UK, and a number of mitigations can be applied.

GAS

During deep coal mining in the UK, gas and gas migration (CO2, CHas, H2S) formed a
significant hazard in some areas and is also a consideration during mine water recovery with
rising groundwater levels (Burrell and Whitworth, 2000). However, since mine water energy
schemes are generally installed in flooded mines with recovered water levels, there is
usually little or no space for free gas to accumulate. Gas and fugitive emissions have not
thus far been documented as a significant environmental challenge for mine water
geothermal and can easily be monitored during development and operation of mine heat
schemes. Gas monitoring and mitigation measures are part of best practice when drilling into
disused mines and form a requirement of The Coal Authority Permit to Enter (Coal Authority
et al. 2019; Dennehy et al., 2019). Evaluation of data on dissolved and headspace gas for
operational schemes is important to assess potential risks of explosion or asphyxiation.

Management for multiple geothermal users

MULTIPLE MINE WATER GEOTHERMAL USERS OF THE SAME SUBSURFACE

Subsurface management approaches for multiple users of the same 3D volume have been
examined in a number of settings. In urban areas, using case study examples from the
Netherlands, Griffioen et al. (2014) recommended that: management of the resource should
be driven by the principle of scarcity, baseline monitoring should be implemented for high
risk subsurface activities, the precautionary principle should be used for unknown features;
and heterogeneity, and sustainability, responsibility and liability for damage should be set out
in legislation. Applying these to UK mine water geothermal, the potential scarcity of the
thermal resource if tapped by multiple users and its interaction with buildings, sewers,
tunnels is not well understood, thus it is essential that baseline monitoring takes place.
Regulation covers groundwater management, sustainability, responsibility and liability more
broadly. Specifically for shallow urban geothermal technologies, MUSE (2022) provided case
studies highlighting the value of monitoring data in management regimes, Abesser et al.



(2021) provides examples of shallow geothermal system interference affecting the thermal
and hydraulic regime and ground source heat pump efficiency and Duijff et al. (2021)
examine the effect of well placement, interaction effects and recovery efficiency.

Approaches considered by other subsurface technologies to multiple users of the same
volume can provide insights. These include screening methods for groundwater vulnerability
based on multi-factor geological and hydrogeological parameters (Loveless et al., 2019) and
3D buffer zones around disused mine workings (Monaghan, 2017). A regional, basin-scale
management approach with monitoring of key parameters, along with merging of field (site)
scale models and datasets has been suggested in the case of multiple users of the same
CO: storage reservoir (Akhurst et al., 2015). For that technology, to balance operator and
regulator requirements in a ‘multi-store’ reservoir, the workflow firstly sought to establish if
interaction was negligible, avoidable or acceptable. It also considered that multiple users
could have beneficial as well as adverse effects and how the CO: injected at one site be
distinguished from that injected at another (Akhurst et al., 2015). Transferring that to mine
water geothermal, in a system with multiple operators, temperature and pressure/water level
are likely to be key parameters, though an improved evidence base is needed to understand
rates and magnitudes of processes at regional and site scale. Also, integrating heating,
cooling and storage applications (sections above) may turn potentially adverse effects into
benefits.

MINE WATER BLOCKS

Collieries in the UK commonly contained multiple levels of coal mine workings linked by
shafts and roadways. They can form large connected systems. In addition, adjacent
collieries may be physically connected by mine workings or roadways. There is also the
potential for hydrogeological connectivity between disparate mine workings through natural
aquifers (e.g. sandstones) and permeable faults (O Dochartaigh et al., 2015 fig. 11).

The method of management of mine water hydrogeological systems used by the Coal
Authority includes defining ‘mine water blocks’ and 2D hydrogeological conceptual models
(Coal Authority, 2018). Within each block is a set of flooded mine workings, which are
sufficiently well interconnected that within current water management strategies, they exhibit
a continuous hydraulic response across their area. Conversely, different mine water blocks
are generally hydraulically isolated from each other or have connections that do not allow
equalisation of water level gradients between them. Mine water blocks are based on current
mine water management strategies for environmental protection, some of them are based on
British Coal/NCB management boundaries and require assessment and development to
improve understanding. Some are based on assessment of mining information, water level
monitoring data, and in some areas in-seam connections and vertical connections (Coal
Authority, 2018). The nature of the mining, mining connections, and surrounding geology
results in mine systems and blocks that can be dynamic. Regular assessments of mine
water data and mining information is needed to confirm mine water block understanding and
correct management strategies are being used (Wyatt et al., 2023)

Management strategies, permitting and mine water heat access agreements to mine
workings for heat/cool/storage by the Coal Authority utilise the understanding of mine water
blocks and 2D hydrogeological conceptual models where available. Logically, mine water
geothermal schemes in different mine water blocks are unlikely to interact on operational
timescales of mine water energy schemes. Applying a precautionary principle of one mine



water scheme per block to prevent scheme interactions could be a logical initial step,
paralleling the subsurface management approach in Griffoen et al. (2014). Mine water blocks
can often be tens of kilometres wide and with multiple different seams being mined. In a
mine water block, there could be multiple opportunities for operational geothermal schemes.
Where the mine workings are being utilised for heating, cooling, or storage, there is limited
understanding of extent, magnitude or duration of thermal changes within and between the
mine workings. Hence, gathering further information and technical evidence via at-scale
monitoring is the logical next step (sections above and below), to avoid unnecessarily
limiting utilisation of the thermal resource and unwanted thermal interactions. Such an
evidence base from monitoring will facilitate evaluation of whether interactions are negligible,
avoidable, acceptable or beneficial. It will further improve understanding of the role of
integrated heating/cooling/storage schemes and heat networks in increasing resilience, and
inform 3D subsurface planning of the resource.

Review of mine water heat schemes globally provides some insights. The heating and
cooling network at Heerlen, Netherlands uses mine water geothermal as a baseload and
incorporates heating and cooling loads at different depth levels and locations in the same
colliery (Verhoeven et al., 2014). Initially conceived as a heating scheme, initial operational
data and predictive modelling indicated homogenisation of temperatures after a period of
about 2 years (Verhoeven et al., 2014). Though management is via one operator and one
multi-level mine, so simpler than with multiple operators and multiple former collieries,
Heerlen currently uses 5 bi-directional wells for commercial, housing and educational users
and shows sustainable management of adjacent heating and cooling loads, at scale (IEA
Geothermal 2023b). Another example is the flow and heat modelling undertaken during
planning for multiple heat ‘feed-in’ and ‘feed-out’ systems at the Dannenbaum mine water
scheme, Bochum, Germany (Bussman et al. 2019), also within one operator and mine.

Observations from hydrogeological monitoring of UK coalfields highlight the importance of
depth, lateral, and vertically separated aquifer systems in 3D subsurface planning for
thermal utilisation. Younger (2016) provides evidence from the Selby area that deep coal
mines were developed in complete hydraulic isolation from the near surface hydrogeological
environment (older, shallow mines and Permo-Triassic aquifer), despite significant stratal
disruption from deep mining. In addition, extensive monitoring of the Lanchester Wines mine
water heat scheme at Gateshead describes three vertically discontinuous aquifer systems at
the site (Banks et al. 2022). Some water level changes (pressure responses) are observed
within and across aquifers between the two sites (700 m apart) and the Gateshead mine
water scheme (1.9 km away). However, at the time of publication, Banks et al (2022) had not
found convincing evidence of thermal breakthrough from injection of cooled water into the
High Main Seam at Abbotsford Road affecting the abstraction borehole at Nest Road 700 m
away, and monitoring was continuing. Based on the most recent and updated assessment of
the mine water blocks, these multiple mine water heat schemes lie within the ‘Walker’ mine
water block at Gateshead, UK, which serves as a key area for understanding the challenges
of multiple and resilient subsurface use and is also the location of the Coal Authority Mine
Water Heat Living Lab observation boreholes described below.

DISCUSSION: MANAGEMENT APPROACHES AND KNOWLEDGE GAPS

As interest in mine water geothermal schemes increases, beneficial approaches based on
system understanding that permit wider use of the resource become desirable. Smaller units
for geothermal permitting could take approaches of 3D heat blocks, heat protection zones
providing a thermal catchment around geothermal schemes (similar to a source protection
zone for groundwater) or areas interfacing with surface ‘heat zoning’ plans that may
incorporate heat/cool/storage. Controlling factors to thermal sustainability include the scale
of geothermal scheme being proposed (pumping flow rate and AT thermal load) and its



longevity, as well as geospatial connectivity and extent of responses (Table 1). To define
management approaches, the sections above highlight knowledge and evidence gaps in:

a) Thermal responses, rates of heat transfer, replenishment and sustainability that
control temperatures on timescales of operational mine water geothermal schemes,
under different structural and recharge-discharge regimes;

b) Updated 2D and 3D hydrogeological conceptual model types under pumping at site-
specific to mine water block scale, including in-seam and vertical connectivity;

c) Monitoring of thermal and other impacts from varying magnitudes of mine water
heat/cool/storage schemes, and between multiple schemes;

d) Cumulative effects from multiple users from long-term cycling heat/cool.

Whilst all sites will be different, the next steps for the sustainable planning of mine water
geothermal schemes include investigations to understand the most critical, sensitive and
transferable factors for monitoring and management.

Early insights: evidence base from at-scale sites

As discussed above, quantifying the rate and magnitude of heat transfer and replenishment
processes, needed for management of mine water geothermal resources and environmental
changes, requires measurement of parameters such as groundwater level, flow,
groundwater and rock temperature (Table 2). This section summarises such instrumentation
and sensing capabilities installed at the UK Geoenergy Observatory, Glasgow and the Mine
Water Heat Living Lab, Gateshead, as well as demonstrating early monitoring results of
baseline temperatures and temperature changes induced by geothermal operations.

UK GEOENERGY OBSERVATORY, GLASGOW

Infrastructure and monitoring capabilities

From 2017-2022, the UK Government, through the Natural Environment Research Council
funded capital investment of the UK Geoenergy Observatory in Glasgow. Construction and
subsequent operations are through the British Geological Survey (BGS). The infrastructure
includes four mine water boreholes in a sealed open loop currently configured as two
abstraction and two injection boreholes. The boreholes are spaced between 10 and 190 m
apart, two are screened at the Glasgow Upper mine working 45-50 m below ground and two
at the Glasgow Main mine working approximately 85 m below ground (Figure 5a; details in
Monaghan et al. 2021). Abstraction boreholes are equipped with variable speed submersible
well pumps optimised for flow rates between 3 and 12 L/s. The mine water pipe is connected
to a heat centre with three types of heat exchanger, a ¢.200 kW output heat pump/chiller for
active heating or cooling of mine water, as well as a sensor logging system (Figure 5a).
Equivalent to the demand of a municipal building or tens of houses, experiments can be run
in different doublet configurations to investigate heat and flow processes, in conjunction with
a range of environmental monitoring.

The six boreholes that penetrate fully flooded, disused mine workings have fibre-optic cables
used for distributed temperature sensing, and downhole electrodes to measure subsurface
electrical resistivity, installed on the outside of the borehole casing. The fibre-optic cables
allow detection of small changes (+0.01°C) in temperature at high spatial resolution (e.g.
every 0.25 m along the fibre). The electrodes enable in-hole and cross-hole tomography
(ERT) for tracking subsurface changes in 4D (time as fourth dimension).



There are five additional environmental monitoring boreholes screened across either
bedrock or superficial deposits. In common with five of the boreholes penetrating mine
workings these are equipped with downhole hydrogeological loggers that measure
temperature, pressure and specific electrical conductivity. The early results presented below
utilise hydrogeological logger temperature data from the baseline and during a thermal
storage commissioning test, as well as measurements from the distributed temperature
sensing to examine the magnitude and rates of thermal changes.

The subsurface monitoring is complemented by gas monitoring (soil gas probes, scanning
lasers, surveys), a weather station, surface and groundwater hydrogeochemistry surveys;
seismic and ground motion (INSAR) monitoring and a 199 m cased borehole containing a
string of seismometers (Monaghan et al. 2022, 2023). Construction, test pumping and
environmental monitoring data is openly available via www.ukgeos.ac.uk .

Measured baseline data

Over three years of groundwater monitoring data from downhole hydrogeological pressure,
temperature and specific electrical conductivity loggers reveal baseline variations in these
parameters before geothermal testing began. Pressure readings providing calculated water
levels show both annual and daily solar and lunar tidal signals in mine water boreholes
screened at ¢.50 m and c¢.85 m below ground level (Monaghan and Spence, 2023). In
contrast, the measured groundwater temperatures at the loggers positioned between 10-24
m downhole in mine water, bedrock and superficial deposits boreholes are relatively
constant, between 11.1-11.8°C (Figures 4, 5a) and of smaller magnitude than geothermal
loads to be applied (AT of 2—6 °C). Exceptions include an expected cooling trend after test
pumping in Feb 2020; a warming-cooling curve in GGAO1 between July-December 2020,
peaking at 12.7 °C; and an unexplained cooling trend in GGO07 and GGAO08 to 10.9 °C
between December 2020-March 2021 which ended when the depth of loggers was changed
(to 6-7 m deeper; Figures 4, 5a). Geochemical changes observed in borehole GGAO1
between January 2020 and mid 2021 are interpreted to be caused by the oxidation of iron
sulphide minerals (pyrite; Bearcock et al. 2022, 2023). Between July-December 2020 the
warming-cooling curve in GGAOL of less than 1°C (Figure 4) is comparable in size to
calculated values for this exothermic reaction of 0.1-0.5 °C per litre of water for the South
Wales coalfield (Farr et al. 2016).

Geothermal commissioning tests

The relatively constant baseline temperatures can be contrasted with size and rate of
temperature changes measured during commissioning of the geothermal infrastructure in
spring/summer 2023. During a 24-hour thermal storage test, mine water was abstracted at
12 L/s from borehole GGAOQ7 (screened section 50.91-53.61 m below the wellhead flange
datum ) at 11.8°C and re-injected in borehole GGAO1 at ¢.18°C (bottom of re-injection main
at 15 m downhole, screened section at 44.81-48.41 m below wellhead flange datum, Figure
5A), both boreholes are screened at the Glasgow Upper mine working. The hydrogeological
data logger within a borehole screened at the Glasgow Main mine working in borehole
GGAO08 showed no temperature response as expected (Figure 5B); the logger in GGAQ7
abstraction borehole recorded a slight rise in temperature (11.4 to 12.1°C) as mine water
was drawn up to the pump and logger level from the deeper and slightly warmer screened
mine working interval; and the logger in the re-injection borehole recorded the warmer water
being re-injected and the temperature dissipating exponentially over a period of 6 days after


http://www.ukgeos.ac.uk/

the 24-hour test (Figure 5B). The DTS fibre optic measurements capture more detail down
the outside of the borehole casing and across the mine working screened section in GGAO1.
Figure 5C and 5D show the change from a linear downhole temperature trend pre-test,
changing to temperature increase during the test with greatest magnitude of c. 6°C across
the screened section.

For up to ten days during the recovery period, the influence of the geology on temperature
recovery can be observed. Layers of clay within the superficial deposits and mudstone within
the bedrock section retain slightly higher temperatures than surrounding strata (yellower
stripes on Figure 5D correlated to the lithology log, and bumps at ¢.20 m and ¢. 30 m on
Figure 5C). This is interpreted to be due to the lower transmissivity and thermal conductivity
of clay, mudstone (UK values 1.2-2.3 W m* K, BGS 2020) compared to saturated sand,
sandstone (UK values 2.5-6.5 W m* K1, BGS 2020).

An additional feature of interest is the +0.5°C temperature above the starting baseline at the
screened interval measured 24 days after the test (Figure 5C). The timescale of this thermal
change contrasts markedly with pressure (water level) changes that recover within minutes
of pumping stopping (Shorter et al. 2021).

Similar rates of change were observed on the DTS equipment during a 5-hour heat
abstraction commissioning test from borehole GGAO7 to GGAO08, showing the cooler
groundwater re-injected. The temperature down the fibre optic cable in GGAO8 decreased by
around 1.5°C during the test, temperature recovery took around 2-3 days on the cable
behind casing and adjacent to rock down the borehole. Recovery was quicker (a day or less)
at the screened mine water interval, which in borehole GGAO8 is an open roadway .

The initial 24-hour thermal storage test results show time-temperature changes along the
length of the boreholes including rapid changes of 0.4°C/hour (behind casing/rock) and
1°C/hour (at screened interval) in response to 12 L/s and AT of +6°C during pumping. During
recovery, rates of heat depletion are around 0.1°C/hour initially, reducing over time and with
notable influence of lower transmissivity and thermal conductivity clay and mudstone layers
(Figure 5D). These early insights from the short geothermal commissioning tests available in
mid 2023 prove the concept of using highly instrumented infrastructure to characterise and
guantify geological factors during mine water geothermal activities.

Mine Water Heat Living Lab at Gateshead

The Coal Authority Mine Water Heat Living Lab will be a first of a kind monitoring facility to
observe the nature of and potential for thermal and hydraulic interactions between three at
scale, operational mine water heat schemes in the Walker mining block near Gateshead,
North East England (Figure 6). The mine heat potential in this area was initially exploited by
Lanchester Wines who operate 2.4 MWwn and 3 MW schemes that heat individual
warehouses in Felling (Banks et al. 2022), then followed by Gateshead Energy Company
who operate from 2023 a 6 MW (peak) mine water heat network located around 1.5 km
away at Gateshead. In this same area, the new Mine Water Heat Living Lab is generating
data that may help to elucidate interactions between adjacent schemes, with a view to
informing future licensing and permitting decisions when multiple schemes propose to
operate in one mine water block. The intention is to facilitate more widespread uptake of
mine water heat across Britain. Data collected from the Living Lab is open access and
available to a range of stakeholders interested in developing mine heat resources (Coal
Authority, 2024). The data may also be of interest to the regulator (Environment Agency in
this case) to examine the potential for interactions between adjacent users and any mixing or



changes in mine water quality resultant from abstracting and re-injecting mine water from
and to different mined seams.

Driling at the Mine Water Heat Living Lab Bede site, Gateshead (Figure 6; grid reference:
426781 562670) began in 2023 and as of end 2023, two of four planned boreholes have
been installed. Drilling for the remaining two boreholes will resume in 2024. The two
boreholes at the Bede site intersect the Brass Thill (Bede Brass Thill) and High Main Seams
(Bede High Main) at 136 and 56 m below surface respectively. Key parameters being
measured include water levels, temperatures and pore pressures plus electrical conductivity.
The deeper borehole is equipped with several vibrating wire piezometers at different depths
and fibre optics, both installed outside the borehole casing. Water samples will also be taken
to observe any signs of mixing between water of different qualities from different levels in the
mine. The deeper borehole is anticipated to monitor abstraction at the Gateshead Energy
Company Scheme and some re-injection at Lanchester Wines and the shallower borehole is
anticipated to reflect re-injection by Gateshead Energy Company and some abstraction by
Lanchester Wines.

Initial data show responses in water levels linked to activities relating to the active mine
water heat schemes. Responses in water levels have previously observed whilst monitoring
and testing the boreholes for the Gateshead Energy Company scheme and attributed to
pumping taking place at Lanchester Wines (Banks et al. 2022). Thermal changes have not
been detected in any monitoring boreholes at late 2023. Data from both operational sites will
be crucial in order to disaggregate the activities at each site and examine their impacts (if
any) upon the measured parameters.

Conclusions

In the quest to reduce CO:2 emissions and decarbonise heating of buildings, re-use of
disused flooded coal mines in the UK offers a proven technology for shallow geothermal
heating, cooling and storage. As a decentralised, local heat source, thermal store or as the
baseload to an integrated heating and cooling heat network, the technology has potential to
increase energy security and resilience. With enhanced deployment of the technology at
increasing scale, thermal load (AT) and repeated heat/cool/storage cycles, characterising
the magnitude and rate of subsurface heat-flow transfer processes and benefits/impacts on
the wider environment become critical to sustainable management. For example, to avoid
undesirable depletion or interaction of thermal resources, or unintended cumulative impacts
on the environment.

Review and synthesis of the geological factors for sustainable management of mine water
geothermal highlight many (hydro)geological and operational factors controlling
temperatures and heat-flow processes, notably groundwater advection in mined aquifer
systems, mine geometry, hydraulic connectivity and aquifer properties, together with
pumping rates, timescales and thermal load. With the potential for commissioning multiple
mine water geothermal schemes within the same area, understanding of the cumulative
impacts of adjacent operations to water levels, groundwater flow directions, biogeochemical
and geomechanical properties are important. Approaches for 3D spatial planning such as
thermal blocks, thermal protection zones or integration of heat/cool users, towards regulation
and licensing of mine water geothermal resources require an improved, measured evidence
base to better understand the magnitude and rate of ‘how far heat goes’ and ‘how quickly it
is replenished or dissipated’ to maintain a sustainable supply.

Early results from highly instrumented at-scale infrastructures for mine water geothermal (UK
Geoenergy Observatory, Glasgow) and monitoring of adjacent mine water heat schemes



(Living Lab, Gateshead) prove the concept of measuring, quantifying and visualising
baseline and induced heat-flow changes and processes. An example is given of a 24-hour
thermal storage test, with rapid temperature changes measured in rock and the mine
working, followed by dissipation and thermal recovery over a period of 3 weeks. Magnitude
and rates of heat transfer are greatest at the screened mine working, with recovery in the
rock mass influenced by lithologically-controlled transmissivity and thermal conductivity.

Geothermal investigations and monitoring are in initial stages at these at-scale, real world
sites, but some key factors have been observed, such as differences in rates of hydraulic
and thermal processes. Future work will further test, measure and quantify an improved
evidence base to better understand the critical, sensitive and transferable geological factors
and translate these to heat/cool/storage management approaches for mine water
geothermal energy.



ACKNOWLEDGEMENTS

The review section of this paper incorporates BGS for Coal Authority work completed in
2021-2022. The contribution Sean Burke, formerly of BGS, to that work is gratefully
acknowledged. Craig Woodward is thanked for illustrating Figures 1-3 as are the many
additional BGS colleagues who have contributed to the design, construction, operation and
open data platforms around the UK Geoenergy Observatory in Glasgow. This paper is
published with permission of the Executive Director of BGS.

Colleagues at the Coal Authority notably Mark Carey, Katie Watkinson and Daniel Mallin-
Martin are gratefully acknowledged for their assistance in delivery of the Gateshead Mine
Water Heat Living Lab. Many thanks to Jeroen van Hunen and an anonymous reviewer for
thoughtful scientific review, and to Cathy Hollis and the Geological Society editorial team.

FUNDING

Parts of review section of this paper derive from unpublished commissioned work BGS
completed for the Coal Authority in 2021-2022. Other parts of the review section, the data
and results from the UK Geoenergy Observatory, Glasgow section used BGS national
capability funding. Capital funding for the construction of the UK Geoenergy Observatory,
Glasgow was from UK Government, through the Natural Environment Research Council to
BGS.

DATA AVAILABILITY

Open data from the UK Geoenergy Observatory, Glasgow is available via
https://ukgeos.ac.uk/data-downloads or the National Geoscience Data Centre
(https://www.bgs.ac.uk/geological-data/national-geoscience-data-centre/ ) and the baseline
time-series, sensor data from https://sensors-gui.bgs.ac.uk/ . The hydrogeologogy logger
and DTS data illustrated in Figure 5 is provided as supplementary information.

Open data from the Coal Authority Mine Water Heat Living Lab, Gateshead is available at
https://www.data.gov.uk/dataset/0aab938a-07b5-4c95-9c11-1b09ac4e82da/gateshead-
mine-water-heat-living-laboratory

DECLARATION OF INTEREST

A Monaghan, D Boon, A Gonzalez Quiros, V Starcher, K Walker-Verkuil, DJ MacAllister, C
Abesser, B Palumbo-Roe have, as part of their employment at BGS, worked on the delivery
of the UK Geoenergy Observatory in Glasgow, and/or the operations of this BGS facility
which is open for academic and commercial users.


https://ukgeos.ac.uk/data-downloads
https://www.bgs.ac.uk/geological-data/national-geoscience-data-centre/
https://sensors-gui.bgs.ac.uk/
https://www.data.gov.uk/dataset/0aab938a-07b5-4c95-9c11-1b09ac4e82da/gateshead-mine-water-heat-living-laboratory
https://www.data.gov.uk/dataset/0aab938a-07b5-4c95-9c11-1b09ac4e82da/gateshead-mine-water-heat-living-laboratory

References

Abesser, C., Schofield, D., Bonsor, H. and Ward, R. 2018. Who owns (geothermal) heat? British Geological
Survey, Science Briefing Paper, 7pp. http://nora.nerc.ac.uk/id/eprint/523369/

Abesser, C. and Walker, A. 2022. Geothermal Energy, POSTbrief 46. https://post.parliament.uk/research-
briefings/post-pb-0046/

Abesser, C, Gonzalez Quiros, A., and Boddy, J. 2023. Evidence report supporting the deep geothermal energy
white paper: the case for deep geothermal energy - unlocking investment at scale in the UK. Nottingham, UK,
British Geological Survey Open Report, OR/23/032, 134pp. https://nora.nerc.ac.uk/id/eprint/535567/

Abesser, C., Schincariol, R.A., Raymond, J., Garcia-Gil, A., Drysdale, R., Piatek, A., Giordano, N., Jazir, N. and
Molson, J. 2021. Case Studies of Geothermal System Response to Perturbations in Groundwater Flow and
Thermal Regimes. Groundwater. https://doi.org/10.1111/gwat.13086

Akhurst, M., Mallows, T. and Pearce, J. 2015. Assessing interactions between multiple geological CO. storage
sites: generic learning from the CO2MultiStore project. Accessed May 2024.
https:/iwww.sccs.org.uk/sites/default/files/2023-05/wp-2015-03.pdf

Al-Saigh,N.H. and Kusznir,N.J. 1987. Some observations on the influence of faultsin mining induced seismicity.
Engineering Geology 23, 277-289. https://doi.org/10.1016/0013-7952(87)90094-9

Andrés, C., Ordéfiez, A. & Alvarez, R. Hydraulic and Thermal Modelling of an Underground Mining Reservoir.
2017 Mine Water Environ 36, https://doi.org/10.1007/s10230-015-0365-1

Andrews, B.J., Cumberpatch, Z.A., Shipton, Z.K. and Lord, R. 2020. Collapse processesin abandoned pillar and
stall coal mines: Implications for shallow mine geothermal energy. Geothermics, 88,
https://doi.org/10.1016/j.geothermics.2020.101904.

Athresh, A.P., Al-Habaibeh, A. and Parker, K. 2015. Innovative approach for heating of buildings using water
from aflooded coal mine through an open loop based single shaft GSHP system. Clean, efficient and affordable
energy for a sustainable future: The 7™ International conference on Applied Energy (ICAE2015). Energy
Procedia. 75, 1221-1228. https://doi.org/10.1016/j.egypro.2015.07.162

Bailey, M.T., Gandy, C.J., Watson, |.A., Wyatt, L.M. and Jarvis, A.P. 2016. Heat recovery potential of mine water
treatment systems in Great Britain. International Journal of Coal Geology, 164, 77-84,
https://doi.org/10.1016/j.coal.2016.03.007

Banks, D. 2012. An introduction to thermogeology: ground source heating and cooling, 2nd edition. Wiley,
Chichester, p 526

Banks, D., Skarphagen, H., Wiltshire, R. and Jessop, C. 2004. Heat pumps as a tool for energy recovery from
mining wastes. In: Giere, R. and Stille, P. (eds), Energy, Waste and the Environment: a Geochemical
Perspective. Geological Society, London, Special Publications, 236, 499— 513.

Banks, D., Fraga-Pumar, A. and Watson, |. 2009. The operational performance of Scottish minewater-based
ground source heat pump systems. Quarterly Journal of Engineering Geology and Hydrogeology, 42, 347-357.

Banks, D., Athresh, A., Al-Habaibeh, A. and Burnside, N. 2017. Water from abandoned mines as a heat source:
practical experiences of open and closed-loop strategies, United Kingdom. Sustainable Water Resources
Management, 5, 29-50, https://doi.org/10.1007/s40899-017-0094-7

Banks, D., Steven, J., Black, A. and Naismith, J. 2022. Conceptual Modelling of Two Large-Scale Mine Water
Geothermal Energy Schemes: Felling, Gateshead, UK. International Journal Environmental Research and Public
Health. 19, 1643. https://doi.org/10.3390/ijerph19031643

Baptie, B., Segou, M., Ellen, R. and Monaghan, A.A. 2016. Unconventional Oil and Gas Development:
Understanding and Monitoring Induced Seismic Activity. British Geological Survey Open Report, OR/16/042.
86pp. ISBN: 9781786523952. Commissioned by the Scottish Government
http://iwww.gov.scot/Publications/2016/11/5969 (accessed November 2016).

Bateson, L., Cigna, F., Boon, D. and Sowter, A. 2015. The application of the Intermittent SBAS (ISBAS) INnSAR
method to the South Wales Coalfield, UK. International Journal of Applied Earth Observation and
Geoinformation. 34, 249-257. doi: 10.1016/j.jag.2014.08.018


http://nora.nerc.ac.uk/id/eprint/523369/
https://post.parliament.uk/research-briefings/post-pb-0046/
https://post.parliament.uk/research-briefings/post-pb-0046/
https://nora.nerc.ac.uk/id/eprint/535567/
https://doi.org/10.1111/gwat.13086
https://www.sccs.org.uk/sites/default/files/2023-05/wp-2015-03.pdf
https://doi.org/10.1016/0013-7952(87)90094-9
https://doi.org/10.1007/s10230-015-0365-1
https://doi.org/10.1016/j.geothermics.2020.101904
https://doi.org/10.1016/j.egypro.2015.07.162
https://doi.org/10.1016/j.coal.2016.03.007
https://doi.org/10.1007/s40899-017-0094-7
https://doi.org/10.3390/ijerph19031643
http://www.gov.scot/Publications/2016/11/5969

Bayer, P., Attard, G., Blum, P., and Menberg, K. (2019). The geothermal potential of cities. Renewable and
Sustainable Energy Reviews, 106, 17-30.

Bearcock, J.M., Walker-Verkuil, K., Mulcahy, A., Palumbo-Roe, B., MacAllister, D.J., Gooddy, D.C., Darling, W.G.
2022. UK Geoenergy Observatories : Glasgow baseline groundwater and surface water chemistry dataset
release September 2020 - May 2021. British Geological Survey Open Report OR/22/038, 151pp.
https://nora.nerc.ac.uk/id/eprint/532731/

Bearcock, J.M., Palumbo-Roe, B., Mulcahy, A., Walker-Verkuil, K., MacAllister, D.J., Darling, W.G., Gooddy,
D.C.. 2023 UK Geoenergy Observatories : Glasgow baseline groundwater and surface water chemistry dataset
release June 2021 - January 2022. Edinburgh, UK, British Geological Survey, 144pp.
https://nora.nerc.ac.uk/id/eprint/535831/

Bell, F. and de Bruyn, I. 1999. Subsidence problems due to abandoned pillar workings in coal seams. Bull etin of
Engineering Geology and the Environment. 57, 225-237.
https:/link.springer.com/content/pdf/10.1007/s100640050040.pdf

Benz, S.A., Bayer, P., Menberg, K., Jung,S. & Blum, P. 2015. Spatial resolution of anthropogenic heatfluxesinto
urban aquifers. Science of The Total Environment 524-525, 427-439.
https://doi.org/10.1016/j.scitotenv.2015.04.003

BGS, 2020. Georeports example product, temperature and thermal properties (detailed). Accessed online May
2024 https://shop.bgs.ac.uk/iresources/shop/doc/example/product/modules/C011.pdf

Bidarmaghz, A., Choudhary, R., Soga, K., Kessler,H., Terrington, R.L. and Thorpe, S. 2019. Influence of geology
and hydrogeology on heat rejection from residential basements in urban areas. Tunnelling and Underground
Space Technology, 92, 103068 https://doi.org/10.1016/j.tust.2019.103068

Burrell, R. and Whitworth, K. 2000. The influence of minewater recovery on surface gas and water discharges in
the Yorkshire Coalfield. Proceedings of the 7th International Mine Water Association Congress p81-90, Ustron,
Poland. https:/Awww.imwa.info/docs/imwa_2000/IMWA2000_7.pdf

Burke, S.P. and Younger, P.L. 2000. Groundwater rebound in the South Yorkshire coalfield: a first approximation
using the GRAM model. Quarterly Journal of Engineering Geology and Hydrogeology, 33, 149-160.

Busby, J., Kingdon, A. and Williams, J. 2011. The measured shallow temperature field in Britain. Quarterly
Journal of Engineering Geology and Hydrogeology, 44, 373-387. https://doi.org/10.1144/1470-9236/10-049

Busby, J. and Terrington, R. 2017. Assessmentof the resource base forengineered geothermal systemsin Great
Britain. Geothermal Energy, 18, https://doi.org/10.1186/s40517-017-0066-z

Bussman, G., Appelhans, K., Hans, F., Jagert, F., Bracke, R., Seidel, T. and Konig, C. 2019. Reutilisation of mine
water for heating and cooling in the abandoned colliery Dannenbaum in Bochum. European Geothermal
Congress, 2019. Den Haag, The Netherlands, 11-14 June 2019. https://europeangeothermalcongress.eu/wp-
content/uploads/2019/07/71 .pdf

ChuZ, DongK, Gao P, Wang Y, Sun Q. 2021. Mine-oriented low-enthalpy geothermal exploitation: A review from
spatio-temporal perspective. Energy Conversion and Management.
https://doi.org/10.1016/j.enconman.2021.114123.

Coal Authority.  2018. Mine water block factsheets. Accessed online November 2023.
https:/iwww.gov.uk/government/publications/mine-water-block-factsheets

Coal Authority, Health and Safety Executive, The British Drilling Association, The Federation of Piling specialists,
The Association of Geotechnical and Geoenvironmental Specialists. 2019. Guidance on Managing the Risk of
Hazardous Gases when Drilling or Piling Near Coal: Version 2. Accessed online April 2022 at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/810431/Guida
nce_on_managing_the_risk_of_hazardous_gases_when_drilling_or_piling_near_coal.pdf

Coal Authority. 2023. Mine water heat — a proven success. Press release accessed online November 2023.
https:/iwww.gov.uk/government/news/mine-water-heat-a-proven-success

Coal Authority, 2024. Gateshead mine water heat living laboratory data.
https://iwww.data.gov.uk/dataset/0Oaab938a-07b5-4c95-9c11-1b09ac4e82dal/gateshead-mine-water-heat-living-
laboratory


https://nora.nerc.ac.uk/id/eprint/532731/
https://nora.nerc.ac.uk/id/eprint/535831/
https://link.springer.com/content/pdf/10.1007/s100640050040.pdf
https://doi.org/10.1016/j.scitotenv.2015.04.003
https://shop.bgs.ac.uk/resources/shop/doc/example/product/modules/C011.pdf
https://doi.org/10.1016/j.tust.2019.103068
https://www.imwa.info/docs/imwa_2000/IMWA2000_7.pdf
https://doi.org/10.1144/1470-9236/10-049
https://doi.org/10.1186/s40517-017-0066-z
https://europeangeothermalcongress.eu/wp-content/uploads/2019/07/71.pdf
https://europeangeothermalcongress.eu/wp-content/uploads/2019/07/71.pdf
https://doi.org/10.1016/j.enconman.2021.114123
https://www.gov.uk/government/publications/mine-water-block-factsheets
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/810431/Guidance_on_managing_the_risk_of_hazardous_gases_when_drilling_or_piling_near_coal.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/810431/Guidance_on_managing_the_risk_of_hazardous_gases_when_drilling_or_piling_near_coal.pdf
https://www.gov.uk/government/news/mine-water-heat-a-proven-success
https://www.data.gov.uk/dataset/0aab938a-07b5-4c95-9c11-1b09ac4e82da/gateshead-mine-water-heat-living-laboratory
https://www.data.gov.uk/dataset/0aab938a-07b5-4c95-9c11-1b09ac4e82da/gateshead-mine-water-heat-living-laboratory

Crowdthermal, 2020. Synthesis of environmental factors. University of Glasgow CROWDTHERMAL deliverable
D1.2. https:/lwww.crowdthermalproject.eu/wp-content/uploads/2020/09/CROWDTHERMAL -D1.2-Synthesis-of-
environmental-factors_8.9.pdf

Deichmann, N. and D. Giardini. 2009. Earthquakes induced by the stimulation of an Enhanced Geothermal
System below Basel (Switzerland), Seismological Research Letters, 80, 5, 784-798, doi: 10.1785/gssrl.80.5.784

Dennehy, J.P., Culshaw, M.G., Ricketts, G.A., Digby, A.J., Arthur, J.C.R. and Chiverrell, C.P. 2019. Site
Investigation 2- ground investigation. Parry D.N. and Chiverrell C.P., Chapter 12, (eds). Abandoned Mine
Workings Manual, CIRIA C758, 298-345, ISBN 978-0-86017-765-4

Donnelly, L.J. 2006. A review of coal mining-induced fault reactivation in Great Britain. Quarterly Journal of
Engineering Geology and Hydrogeology 39, 5-50. https://doi.org/10.1144/1470-9236/05-015

Donnelly, L.J., Culshaw, M.G. and Bell, F.G. 2008. Longwall mining induced fault reactivation and delayed
subsidence ground movements in British coalfields. Quarterly Journal of Engineering Geology and Hydrogeology
41, 301-314 https://doi.org/10.1144/1470-9236/07-215

Driesner, T. (ed) 2021: HEATSTORE - Final reporton tools and workflows for simulating subsurface dynamics of
differenttypes of High Temperature Underground Thermal Energy Storage. GEOTHERMICA — ERA NET Cofund
Geothermal. 355 pp.
https:/iwww.heatstore.eu/documents/HEATSTORE_WP2_D2.1_Rev._Final_2021.12.21.pdf

Duijff, R., Bloemendal, M. and Bakker, M. 2023. Interaction Effects Between Aquifer Thermal Energy Storage
Systems. Groundwater, 61, 173-182. https://doi.org/10.1111/gwat.13163

Environment Agency. 2021. Low carbon subsurface technologies identifying potential environmental impacts
https://iwww.gov.uk/government/publications/low-carbon-subsurface-technologies-identifying-potential-
environmental-impacts

Farr G, Sadasivam S, Manju, Watson | A, Thomas H R, Tucker D, 2016. Low enthalpy heat recovery potential
from coal mine discharges in the South Wales Coalfield, International Journal of Coal Geology, 164, 92-103.
https://doi.org/10.1016/j.coal.2016.05.008.

Farr, G., Patton, A.M., Boon, D.P., James, D.R., Williams, B and Schofield, D.l. 2017. Mapping shallow urban
groundwater temperatures, a case study from Cardiff, UK. Quarterly Journal of Engineering
Geology and Hydrogeology, 50 (2). 187-198. https://doi.org/10.1144/gjegh2016-058

Farr. G., Busby, J., Wyatt, L., Crooks, J., Schofield, D.l. and Holden, A. 2020. The temperature of Britain's
coalfields. Quarterly Journal of Engineering Geology and Hydrogeology, 109, https://doi.org/10.1144/gjegh2020-
109

Ferguson, G. and Woodbury, A.D. 2007. Urban heatisland in the subsurface. Geophysical Research Letters 34,
L23713. https://doi.org/10.1029/2007GL032324

Fraser-Harris, A., McDermott, C., Receveur, M., Mouli-Castillo, J., Todd, F., Cartwright-Taylor, A., Gunning, A.,
Parsons, M. 2022. The Geobattery Concept: A geothermal circular heat network for the 1 sustainable
developmentof near surface low enthalpy geothermal 2 energy to decarbonise heating. Earth Science, Systems
and Society. https://doi.org/10.3389/esss.2022.10047

Gasperikova, E., Ulrich, C., Omitaomu, O.A. et al. 2024. Multicriteria screening evaluation of geothermal
resources on mine lands for directuse heating. Geotherm al Energy, https://doi.org/10.1186/s40517-024-00289-3

Gee, D., Bateson, L., Sowter, A., Grebby, S., Novellino, A., Cigna, F., etal. 2017. Ground motion in areas of
abandoned mining: Application of the intermittent SBAS (ISBAS) to the Northumberland and Durham Coalfield,
UK. Geosciences. 7(3), 85. doi: 10.3390/geosciences7030085

Geothermica, 2024. STEAM GigaWatt-Hour Subsurface Thermal Energy storAge: Engineered structures and
legacy Mine shafts. Presentation accessed online 41 May 2024.
http:/iwww.geothermica.eu/media/ates/1545A_6_Jessica_Dassow_UK_STEAM-1-.pdf


https://www.crowdthermalproject.eu/wp-content/uploads/2020/09/CROWDTHERMAL-D1.2-Synthesis-of-environmental-factors_8.9.pdf
https://www.crowdthermalproject.eu/wp-content/uploads/2020/09/CROWDTHERMAL-D1.2-Synthesis-of-environmental-factors_8.9.pdf
https://doi.org/10.1144/1470-9236/05-015
https://doi.org/10.1144/1470-9236/07-215
https://www.heatstore.eu/documents/HEATSTORE_WP2_D2.1_Rev._Final_2021.12.21.pdf
https://doi.org/10.1111/gwat.13163
https://www.gov.uk/government/publications/low-carbon-subsurface-technologies-identifying-potential-environmental-impacts
https://www.gov.uk/government/publications/low-carbon-subsurface-technologies-identifying-potential-environmental-impacts
https://doi.org/10.1016/j.coal.2016.05.008
https://doi.org/10.1144/qjegh2016-058
https://doi.org/10.1144/qjegh2020-109
https://doi.org/10.1144/qjegh2020-109
https://doi.org/10.1029/2007GL032324
https://doi.org/10.3389/esss.2022.10047
https://doi.org/10.1186/s40517-024-00289-3
http://www.geothermica.eu/media/ates/1545A_6_Jessica_Dassow_UK_STEAM-1-.pdf

Gillespie, M.R., Crane, E.J. and Barron, H.F. 2013. Study into the potential for deep geothermal energy in
Scotland: Volume 2, British Geological Survey Commissioned Report, CR/12/131. Scottish Government Project
Number AEC/001/11. ISBN: 9781782569862 https://www?2.gov.scot/resource/0043/00437996.pdf

Gluyas J.G., Adams C.A., and Wilson |.A.G. 2020. The theoretical potential for large-scale underground thermal
energy storage (UTES) within the UK. Energy Reports, 6, 229-237. https://doi.org/10.1016/j.egyr.2020.12.006

Griffioen, J., van Wensem, J., Oomes, J.L.M., Barends, F., Breunese, J., Bruining, H., Olsthoorn, T., Stams,
A.M., van der Stoel, AJ. 2014. A technical investigation on tools and concepts for sustainable management of
the subsurface in The Netherlands, Science of The Total Environment, 485-486, 810-819,
https://doi.org/10.1016/j.scitotenv.2014.02.114

Harrison R, Scott WB, Smith T. 1989. A note on the distribution, levels and temperatures of minewaters in the
Northumberland and Durham coalfield. Quarterly Journal of Engineering Geology and Hydrogeology, 22, 355-
358. https:/iwww.lyellcollection.org/doi/epdf/10.1144/GSL.QJEG.1989.022.04.08?src=getftrHealy, P.R. and
Head, J.M. 1984. Construction Over Abandoned Mine Workings. CIRIA Special Publication 32,94pp ISBN
9780860172185

Healy, D. and Hicks, S.P. 2022. De-risking the energy transition by quantifying the uncertainties in fault stability,
Solid Earth, 13, 15-39, https://doi.org/10.5194/se-13-15-2022

HEATSTORE. 2022. Website accessed March 2022. https://www.heatstore.eu/national-project-
germany.html?msclkid=7e56efcda75611ecb307cb79613ddbf3IEA Geothermal. 2023a. Summary of the
regulatory framework for coal mine water geothermal developments across the UK. Accessed November 2023.
https://drive.google.com/file/d/1G1j3psBIYQawQVmEXWbEKCnwAjV4LKim view

IEA Geothermal 2023b. Case study: Mine water geothermal, Heerlen District Energy Scheme. Accessed
November 2023. https://drive.google.com/file/d/1SUAAbrHQ4BBmgdtmeUglvySok97vnC8liview

IEA Geothermal 2023c. Case study: Mine water heat network, UK. Accessed May 2024.
https://drive.google.com/file/d/1xIVCiyqM3b7JQsYJHfJIOYzTugweSL_Qlview

Jardon, S., Ordéfiez, M.A., Alvarez, R., Cienfuegos, P. and Loredo, J. 2013. Mine water for energy and water
supply in the Central Coal Basin of Asturias (Spain). Mine Water Environ., 32, 139-151.
https://doi.org/10.1007/s10230-013-0224-x

Jessop, A.M, Macdonald, J.K. and Spence, H. 1995. Clean energy from abandoned mines at Springhill, Nova
Scotia. Energy Sources, 17, 93-106 https://doi.org/10.1080/00908319508946072

Kershaw, T., Sanderson, M., Coley, D., Eames, M. 2010. Estimation of the urban heatisland for UK climate
change projections. Build. Serv. Eng. Res. Technol. 31(3), 251-263.
https://doi.org/10.1177%2F0143624410365033

Korb M. Minepool Geothermal in Pennsylvania. Pennsylvania AML conference, New Frontiers in Reclamation.
2012; August 2—4, 2012.
https://crawler.dep.state.pa.us/Mining/Abandoned%20Mine%20Reclamation/AbandonedMinePortalFiles/Publicat
ons/AMLRelatedTechnicalPapers/Mine_Pool_Geothermal_in_PA-2012.pdf

Loredo, C., Roqueni,N. and Ordofiez, A. 2016. Modelling flow and heattransferin flooded mines for geothermal
energy use: A review. International Journal of Coal Geology, 164, 115-122
https://doi.org/10.1016/j.coal.2016.04.013

Loredo, C., Ordéfiez, A., Garcia-Ordiales, E., Alvareza, R., Roquefiia, N., Cienfuegosa, P., Pefia, A., Burnside, N.
M. 2017. Hydrochemical characterization of a mine water geothermal energy resource in NW Spain. Sci Total
Environ., 576, 59—69. https://doi.org/10.1016/j.scitotenv.2016.10.084

Loveless, S.E., Lewis, M.A., Bloomfield, J.P., Davey, |., Ward, R.S., Hart, A. and Stuart, M.E. 2019. A method for
screening groundwater vulnerability from subsurface hydrocarbon extraction practices, Journal of Environmental
Management, 249, https://doi.org/10.1016/j.jenvman.2019.109349

Malolepszy, Z. 2003. Man-made, low-temperature geothermal reservoirs in abandoned workings of underground
mines on example of Nowa Ruda coal mine, Poland. InProc, International Geothermal Conference, Reykjavik,
Iceland 2003 Sep (pp- 23-29). https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2003/Malolepszy.pdf


https://www2.gov.scot/resource/0043/00437996.pdf
https://doi.org/10.1016/j.egyr.2020.12.006
https://doi.org/10.1016/j.scitotenv.2014.02.114
https://www/
https://doi.org/10.5194/se-13-15-2022
https://www.heatstore.eu/national-project-germany.html?msclkid=7e56efcda75611ecb307cb79613ddbf3
https://www.heatstore.eu/national-project-germany.html?msclkid=7e56efcda75611ecb307cb79613ddbf3
https://drive.google.com/file/d/1G1j3psBJYQawQVmExWbEkCnwAjV4LKim/view
https://drive.google.com/file/d/1SUAAbrHQ4BBmqdtmeUglvySok97vnC8I/view
https://drive.google.com/file/d/1xlVCiyqM3b7JQsYJHfJl0YzTugweSL_Q/view
https://doi.org/10.1007/s10230-013-0224-x
https://doi.org/10.1080/00908319508946072
https://doi.org/10.1177%2F0143624410365033
https://crawler.dep.state.pa.us/Mining/Abandoned%20Mine%20Reclamation/AbandonedMinePortalFiles/Publications/AMLRelatedTechnicalPapers/Mine_Pool_Geothermal_in_PA-2012.pdf
https://crawler.dep.state.pa.us/Mining/Abandoned%20Mine%20Reclamation/AbandonedMinePortalFiles/Publications/AMLRelatedTechnicalPapers/Mine_Pool_Geothermal_in_PA-2012.pdf
https://doi.org/10.1016/j.coal.2016.04.013
https://doi.org/10.1016/j.scitotenv.2016.10.084
https://doi.org/10.1016/j.jenvman.2019.109349
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2003/Malolepszy.pdf

Mason, D.D.A., Dennehy, J.P., Donnelly, L., Parry, D.N. and Chiverrell, C.P. 2019. Surface stability in mined
areas. Parry, D.N. and Chiverrell, C.P., Chapter 5 (eds). Abandoned Mine Workings Manual, CIRIA C758, 120-
161, ISBN 978-0-86017-765-4

Monaghan, A.A. 2017. Unconventional energy resources in a crowded subsurface: Reducing uncertainty and
developing a separation zone concept for resource estimation and deep 3D subsurface planning using legacy
mining data. Science of the Total Environment, 601-602, 45-56, https://doi.org/10.1016/j.scitotenv.2017.05.125

Monaghan, A.A., Starcher, V., Barron, H.F., Shorter, K., Walker-Verkuil, K., Elsome, J. et al. 2021. Drilling into
mines for heat: geological synthesis of the UK Geoenergy Observatory in Glasgow and implications for mine
water heat resources. Quarterly Journal of Engineering Geology and Hydrogeology.
https://doi.org/10.1144/g9jegh2021-033

Monaghan A.A. and 25 others. 2022. Time zero for Net Zero: a coal mine baseline for decarbonising heat. Earth
Science, Systems and Society. https://doi.org/10.3389/esss.2022.10054

Monaghan, A.A and Spence, M. 2023 Decarbonising heat via the subsurface. Geoscientist, 33 (3). 16-21.
https://geoscientist.online/sections/features/decarbonising-heat-via-the-subsurface/

Monaghan, A., Kuras, O., Boon, D., Abesser, C., Starcher, V., MacAllister, D.J., Spence, M., Gonzalez Quiros,
A., Walker-Verkuil, K., Wilkinson, P. 2023. Monitoring and modelling mine water geothermal at the UK
Geoenergy Observatory in Glasgow, UK. Conference paper of the World Geothermal Congress, China.
Accessible from https://www.lovegeothermal.org/explore/our-databases/conference-paper-database/

Mouli-Castillo J, van Hunen J, MacKenzie M, Sear T, Adams C, 2024. GEMSToolbox: A novel modelling tool for
rapid screening of mines for geothermal heat extraction, Applied Energy,
https://doi.org/10.1016/j.apenergy.2024.122786.

MUSE. 2022. Project results reports and  datasets. Accessed online March 2022
https://geoera.eu/projects/muse3/muse-story-line/

NCB. 1975. Subsidence Engineers' handbook. National Coal Board, London 110 pp.

O Dochartaigh, B.E., MacDonald, A.M., Fitzsimons, V. and Ward, R. 2015. Scotland's aquifers and groundwater
bodies. British Geological Survey Open Report, OR/15/028, 63pp, http://nora.nerc.ac.uk/id/eprint/511413/

Osvald, M., Maroti, G., Pap, B., and Szanyi, J. 2017. Biofilm Forming Bacteria during Thermal Water Reinjection.
Geofluids. 22, 1-7.

Patton, A.M., Farr, G.J., Boon, D.P., James, D.R,, Williams, B. and Newell, A.J. 2015. Shallow groundwater
temperatures and the Urban Heat Island effect: the firstU.K. city-wide geothermal map to supportdevelopment of
ground source heating systems strategy. EGU General Assembly, Vienna, Austria, 12-17 April 2015
http://nora.nerc.ac.uk/510723

Peralta Ramos, E., Breede, K., Falcone, G., 2015. Geothermal heat recovery from abandoned mines: a
systematic review of projects implemented worldwide and a methodology for screening new projects.
Environmental Earth Science. 73, 6783-6795. http://dx.doi.org/10.1007/s12665-015-4285-y.

Preene, M. and Younger, P.L. 2014. Can you take the heat?—geothermal energy in mining. Mining Technology,
123,107-118, d0i:10.1179/1743286314Y.0000000058

PUSH-IT, 2024. United Downs (UK) follower site for mine thermal energy storage (MTES). Webpage accessed
4 May 2024. https:/lwww.push-it-thermalstorage.eu/pilots/united-downs/

Receveur, M., McDermott, C., Fraser-Harris, A., Gilfillan, S. and Watson, I. 2021. Key Controls on Mine-water
Temperature in Flooded Mine Shafts: Insights from Temperature Profiles and Numerical Modelling. Proceedings
World Geothermal Congress 2020+1. Reykjavik, Iceland, April-Oct 2021 http://www.geothermal-
energy.org/pdf/IGAstandard/ WGC/2020/15004.pdf

Renz, A., Rihaak, W., Schétzl, P. etal. 2009. Numerical Modeling of Geothermal Use of Mine Water: Challenges
and Examples. Mine Water Environ 28, https://doi.org/10.1007/s10230-008-0063-3


https://doi.org/10.1016/j.scitotenv.2017.05.125
https://doi.org/10.1144/qjegh2021-033
https://doi.org/10.3389/esss.2022.10054
https://geoscientist.online/sections/features/decarbonising-heat-via-the-subsurface/
https://www.lovegeothermal.org/explore/our-databases/conference-paper-database/
https://doi.org/10.1016/j.apenergy.2024.122786
https://geoera.eu/projects/muse3/muse-story-line/
http://nora.nerc.ac.uk/id/eprint/511413/
http://nora.nerc.ac.uk/510723
http://dx.doi.org/10.1007/s12665-015-4285-y
https://www.push-it-thermalstorage.eu/pilots/united-downs/
http://www.geothermal-energy.org/pdf/IGAstandard/WGC/2020/15004.pdf
http://www.geothermal-energy.org/pdf/IGAstandard/WGC/2020/15004.pdf
https://doi.org/10.1007/s10230-008-0063-3

Roberts, J.J., Gooding, L., Ford, R., Dickie, J. 2023. Moving From “Doing to” to “Doing With”: Community
Participation in Geoenergy Solutions for Net Zero—The Case of Minewater Geothermal. Earth Science, Systems
and Society. https://www.escubed.org/articles/10.3389/esss.2023.10071

Rodriguez, R., Diaz, M.B., 2009. Analysis of the utilization of mine galleries as geothermal heat exchangers by
means a semi-empirical prediction method. Renew. Energy 34, 1716-1725.
http://dx.doi.org/10.1016/j.renene.2008.12.036.

Rollin, K.E. 1995. A simple heat-flow quality function and appraisal of heat-flow measurements and heat-flow
estimates from the UK Geothermal Catalogue. Tectonophysics, 244, 185-196. https://doi.org/10.1016/0040-
1951(94)00227-Z

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

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

SEPA. 2022. SEPA’s Requirements for Activities Related to Geothermal Energy v1.3. Accessed November 2022.
https://www.sepa.org.uk/media/594535/geothermal-october-2022.pdf

Shorter, K., O Dochartaigh, B.E., Butcher, A., MacDonald, A., Elsome, K. and Burke, S. (2021). Data release and
initial interpretation of test pumping of boreholes at the Glasgow UK Geoenergy Observatory. British Geological
Survey Open Report, OR/21/016 http://nora.nerc.ac.uk/id/eprint/530507/

Silva, J.P., McDermott, C. and Fraser-Harris, A. 2022 The value of a hole in coal: Assessment of seasonal
thermal energy storage and recovery in flooded coal mines. Earth Science, Systems and Society.
https://doi.org/10.3389/esss.2022.10044

Sowter, A., Athab, A., Novellino, A., Grebby, S. and Gee, D. 2017. Supporting energy regulation by monitoring
land motion on a regional and national scale: A case study of Scotland. Proceedings of the Institution of
Mechanical Engineers Part A Journal of Power and Energy. 10.1177/0957650917737225

Starcher, V., Monaghan, A.A., Barron, H.F., Shorter, K., Walker-Verkuil, K. and Elsome, J. 2021. Method and key
observations from constructing a mine water heat subsurface observatory in Glasgow UK. British Geological
Survey Open Report, OR/21/020. http://nora.nerc.ac.uk/id/eprint/530822/

Todd, F., McDermott, C., Fraser Harris, A., Bond, A. and Gilfillan, S. 2019. Coupled hydraulic and mechanical
model of surface uplift due to mine water rebound: implications for mine water heating and cooling schemes.
Scottish Journal of Geology, 55, 124-133, https://doi.org/10.1144/sjg2018-028

Todd F, McDermottC, Fraser Harris A, Bond A, Gilfillan S. 2024. Modelling physical controls on mine water heat
storage systems. Geoenergy, 2. https://doi.org/10.1144/geoenergy2023-029

Todd, F.,, 2022. IEA mine water energy symposium 2022 presentation, available online at
https://iwww.youtube.com/watch?v=GNAzvWIvQDY [Accessed March 2022]

Townsend, D., Naismith, J.D.A., Townsend, P.J., Milner. M.G. and Fraser, U.T. 2020. ‘On the Rocks’ — Exploring
Business Models for Geothermal Heat in the Land of Scotch. Proceedings World Geothermal Congress 2020.
Reykjavik, Iceland. https:/pangea.stanford.edu/ERE/db/WGC/papers/WGC/2020/08025.pdf

UKTAG (2013). Updated Recommendations on Phosphorus Standards for Rivers (2015 — 2025). (London: UK
Technical Advisory Group on the Water Framework Directive)

University of Edinburgh, 2024. Galleries to Calories webpage. Accessed 4 May 2024
https://iwww.ed.ac.uk/geosciences/research/galleries-to-calories

Verhoeven, R., Willems, E., Harcouét-Menou, V., De Boever, E., Hiddes, L., Op'T Veld, P. and Demollin, E.
2014.Minewater 2.0 projectin Heerlen the Netherlands: transformation of a geothermal mine water pilot project
into a full scale hybrid sustainable energy infrastructure for heating and cooling. Energy Procedia, 46, .58-67,
https://doi.org/10.1016/j.egypro.2014.01.158

VOGERA 2019. Deliverable 4.1 Expanded diagrams of conceptual models identifying potential pathways for
energy activity in the deep sub-surface and shallow groundwater vulnerability. EU Horizon 2020. Report 1, WP4.
Grant agreement number 731166.
https:/iview.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fgeoera.eu%2Fwp -
content%2Fuploads%2F2021%2F01%2FVoGERA-WP4-

D4_1_ Final_submitted.docx%3Fmsclkid%3D20efa6fdb03f11ecbdb7b85faf6fdbf3&wdOrigin=BROWSELINK

Walls, D.B., Banks, D., Boyce, A.J. and Burnside,N.M. 2021. A review of the performance of minewater heating
and cooling systems. Energies, 14, 6215. https://doi.org/10.3390/en14196215


https://www.escubed.org/articles/10.3389/esss.2023.10071
http://dx.doi.org/10.1016/j.renene.2008.12.036
https://doi.org/10.1016/0040-1951(94)00227-Z
https://doi.org/10.1016/0040-1951(94)00227-Z
https://www.sepa.org.uk/media/594535/geothermal-october-2022.pdf
http://nora.nerc.ac.uk/id/eprint/530507/
https://doi.org/10.3389/esss.2022.10044
http://nora.nerc.ac.uk/id/eprint/530822/
https://doi.org/10.1144/sjg2018-028
https://doi.org/10.1144/geoenergy2023-029
https://www.youtube.com/watch?v=GNAzvWIvQDY
https://pangea.stanford.edu/ERE/db/WGC/papers/WGC/2020/08025.pdf
https://www.ed.ac.uk/geosciences/research/galleries-to-calories
https://doi.org/10.1016/j.egypro.2014.01.158
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fgeoera.eu%2Fwp-content%2Fuploads%2F2021%2F01%2FVoGERA-WP4-D4_1_Final_submitted.docx%3Fmsclkid%3D20efa6fdb03f11ecbdb7b85faf6fdbf3&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fgeoera.eu%2Fwp-content%2Fuploads%2F2021%2F01%2FVoGERA-WP4-D4_1_Final_submitted.docx%3Fmsclkid%3D20efa6fdb03f11ecbdb7b85faf6fdbf3&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fgeoera.eu%2Fwp-content%2Fuploads%2F2021%2F01%2FVoGERA-WP4-D4_1_Final_submitted.docx%3Fmsclkid%3D20efa6fdb03f11ecbdb7b85faf6fdbf3&wdOrigin=BROWSELINK
https://doi.org/10.3390/en14196215

Wang H, Xu Y, Yuan L, Sun Y, Cai Y. 2024. Analysis of geothermal heat recovery from abandoned coal mine
water for clean heating and cooling: a case from Shandong, China. Renewable Energy, 2024,
https://doi.org/10.1016/j.renene.2024.120659.

Watson, S.M., Westaway, R. and Burnside, N.M. 2019. Digging deeper: the influence of historic mining on
Glasgow’s subsurface thermal state to inform geothermal research. Scottish Journal of Geology, 55, 107
https://doi.org/10.1144/sjg2019-012

Watson, S.M. and Westaway, R. 2020. Borehole temperature log from the Glasgow Geothermal Energy
Research Field Site: A record of past changes to ground surface temperature caused by urban development.
Scottish Journal of Geology, 56, 134, doi:10.1144/sjg2019-033

Westaway, R. and Younger, P.L. 2013. Accounting for palaeoclimate and topography: a rigorous approach to
correction of the British geothermal dataset. Geothermics, 48, 31-51,
https://doi.org/10.1016/j.geothermics.2013.03.009

Westaway, R. and Younger, P.L. 2016. Unravelling the relative contributions of climate change and ground
disturbance to subsurface temperature perturbations: Case studies from Tyneside, UK. Geothermics, 64, 490—
515, https://doi.org/10.1016/j.geothermics.2016.06.009

Wolkersdorfer, C. 2008. Water management at abandoned flooded underground mines: fundamentals, tracer
tests, modelling, water treatment. Springer Science and Business Media. ISBN 978-3-540-77330-6

Wyatt L.M., Leyland J. and Watson, I.A. 2023. Long-term mine water management of abandoned coal mines in
the United Kingdom: AlImost 30 years of process, experience, and lessons learned. In Stanley, P., Wolkersdorfer,
C. and Mugova E. IMWA 2023 Y Dyfodol — The Future. 545-551, Newport, Wales.
https://www.imwa.info/docs/imwa_2023/IMWA2023_Wyatt 552.pdf

Younger, P.L. 2014. Hydrogeological challenges in a low-carbon economy. Quarterly Journal of Engineering
Geology and Hydrogeology, 47, 7-27, http://dx.doi.org/10.1144/gjegh2013-063

Younger, P.L., and Adams, R. 1999. Predicting mine waterrebound. EnvironmentAgency R&D Technical Report
W179. Bristol, UK. 108pp.
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290258/str -
w179-e-e.pdf

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

Younger, P.L., Banwart, S.A. and Hedin, R.S. 2002. Mine Water: Hydrology, Pollution, Remediation. Dordrecht:
Kluwer Academic Publishers. 464 pp. ISBN 978-1-4020-0137-6

Younger, P.L. 2016.How can we be sure fracking will not pollute aquifers? Lessons from a major longwall coal
mining analogue (Selby, Yorkshire, UK). Earth Environ. Sci. Trans. R. Soc. Edinb. 106:89-113.
http://dx.doi.org/10.1017/S1755691016000013

Zhu, K., Fang, L., Diao, N., Fang, Z. 2017. Potential underground environmental risk caused by GSHP system.
Procedia Engineering, 205, 1477-1483, https://doi.org/10.1016/j.proeng.2017.10.371


https://doi.org/10.1016/j.renene.2024.120659
https://doi.org/10.1144/sjg2019-012
https://doi.org/10.1016/j.geothermics.2013.03.009
https://doi.org/10.1016/j.geothermics.2016.06.009
https://www.imwa.info/docs/imwa_2023/IMWA2023_Wyatt_552.pdf
http://dx.doi.org/10.1144/qjegh2013-063
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290258/str-w179-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290258/str-w179-e-e.pdf
http://dx.doi.org/10.1017/S1755691016000013
https://doi.org/10.1016/j.proeng.2017.10.371

Figure Captions

Figure 1. Block diagram showing predominant heat sources and variations influencing heat transfer in
mine water systems. Red arrows represent conductive processes, blue arrows represent groundwater
flow in mines and shafts, orange arrows are indicative of heat transfer via solar recharge, purple
arrows represent regional groundwater flow, recharge and discharge across the mined rock volume .
Produced by BGS for © Coal Authority 2022.

Figure 2: Geological, hydrogeological, anthropogenic and biogeochemical processes influencing heat
transfer processes in flooded coal mine workings, heat transfer indicated by red arrows. The
thickness of the mine workings is exaggerated. Produced by BGS for © Coal Authority 2022.

Figure 3. Potential environmental interactions and impacts of mine water energy schemes on
groundwater, surface water, geomechanics and geochemistry: 1= Fault reactivation leading to fluid
movement, 2= Reduction in groundwater levels, 3=Subsidence, 4=Increases in groundwater levels,
b=Leaks from casing, 6=Mine water scheme interference, 7=Changes to groundwater-surface water
flows, 8=Risk of biofilm clogging/biogeochemical reactions, 9=Leakage of heat transfer fluid (closed
loop system), 10=Mobilisation of contaminants from industrial sites, 11=Cumulative land use impacts,
12=Fault creep or slip. This image does not cover drilling or operational surface engineering.
Produced by BGS for © Coal Authority 2022

Figure 4: Plot of the temperatures recorded in downhole loggers at the UK Geoenergy Observatory in
Glasgow over a 3 plus year period. Spikes corresponding to loggers being removed from boreholes
fordownload have been removed from this plot. Note the loggers are above the level of the screened
interval (e.g. mine working) except those in the superficial deposits. BGS© UKRI Contains NERC
materials ©NERC 2024.

Figure 5: A) Schematic image of the geothermal infrastructure at the UK Geoenergy Observatory in
Glasgow and nine of the boreholes located at Cuningar Loop. The known complexity of the
subsurface is not shown, borehole casing depth below as-built datum are rounded to the nearest
metre. Abstraction and re-injection boreholes for the 10.30 am 12-13 June 2023 thermal storage test
labelled. B) Plot of the temperature measured in data loggers during the thermal storage test C)
Measured (relative, before full calibration) DTS temperatures before, during and in recovery at certain
times up to 24 days after the test in the re-injection borehole GGAO1l. D) Time-series visualisation of
the DTS temperature data from re-injection borehole GGAO1 before, during and after the thermal
storage test with summary lithology downhole log shown on the right-hand side BGS©UKRI Contains
NERC materials ©NERC 2024.

Figure 6: Active mine water heat schemes and operational and planned monitoring boreholes for the
Coal Authority Mine Water Heat Living Lab, located in Gateshead, NE England. All locations are
approximate and for illustration only © Coal Authority 2024, reproduced with permission.



Table Captions

Table 1 Summary of the factors in the control and variation of heat transfer and thus the
geothermal gradient and temperature in coalfield settings, referenced to the relevant image.
Information sources listed for specific items and synthesised for widely documented
phenomena including from Banks et al. (2004), Gillespie et al. (2013)

Table 2 Summary of potential environmental interactions of mine water energy schemes on
groundwater, surface water, geomechanics and geochemistry (numbers in brackets are on
Figure 3), monitoring methods, current UK regulatory, permitting and guidance.

Table 3 High level summary of processes, potential causes and risks related to
geomechanical/rock property changes associated with mine water geothermal and summary
of evidence of occurrence, compared to the evidence from the original mining activities.



Controls on the Conductive heat transfer Advective (convective) heat transfer (transport by Surface Climatic and anthropogenic temperature

geothermal (Figure 1) water or other fluids; Figure 1) topography changes

gradient

Factors Lithology and stratigraphic | Groundwater flow: recharge and discharge (Figures 1, | Control on Geologically recent climate change

controlling geometry (successions, 2). Lateral flow in mine workings; upwards/ surface (glaciation)

variation in heat | dips etc). In inclined strata, | downwards/ or stratified in shafts temperature

transfer under heat refraction i.e. and on

natural conductive heat transfer Aquifer/reservoir properties (transmissivity, porosity recharge/ Current-day climate change

conditions (not deviates from vertical etc.) - dependenton type of mining and post-closure | discharge

actively pumped) history (Figure 2) pathways

coalfield systems ' - ' . '
Lithology controlled rock Geometry and connectivity of mine system including Near surface temperature changes from the
properties (thermal connecting shafts (Figure 2) subsurface urban heatisland: type of
conductivity, specific heat buildings, basement, wastewater, soil use,
capacity). Low conductivity | Faults and fractures: sealing or non-sealing (open). asphalted/paved, sewage pipes, tunnels,
rocks ‘thermal blanket’ Natural and mining-induced (Figure 2) groundwater and ground source heat
Malolepszy, 2003 boreholes, waste heat, solar heat production

Factors As above As above plus: As above As above

controlling Flow rate and duration of pumping (continuous, some

variation in heat hours per day, seasonal).Longevity of pumping

transfer in operations (days - tens years)

actively pumped
coalfields and
pumped/
geothermal
systems

Water level/recovery rate controlled by pumping
Pumping in shafts (dependent on-mine geometry
/hydrogeology, pumping depth (Farr et al 2020;
Receveur etal 2021)

Geothermal systems: Open loop with return to mine
working - vs discharge of mine water. Abstraction-
reinjection setup (e.g. distance and across mine
working connectivity - flow path length)

Geothermal systems: temperature (thermal) load
applied (AT)

Table 1




Potential environmental interactions grouped
thematically by monitoring method/regulatory
framework

Monitoring method

Methods for data gathering

Examples of UK
regulation/standards/guidelines

Reduction/drawdown in groundwater levels (2) | Groundwater — Borehole testing (pumping tests etc). Borehole monitoring [ EA/SEPA/NRW/NIEA regulatory

Increases in groundwater levels (4) temperature e.g. data loggers, manual measurement, fibre optics, frameworks for groundwater

Local abstractions - quantity [flow/level geophysical monitoring, tracer testing. abstraction, disposal and
geothermal guidance. British
Standards

Local abstractions - quality Groundwater - Field parameters, sample collection and laboratory British Standards: EA Best

Leaks from casing (5) chemistry analysis. Standard suites and contaminants of concern Available Techniques: SEPA:

Leakage of heat transfer fluid (closed loop) (9)
Risk of biofilm clogging/biogeochemical
reactions (8)

Mobilisation of contaminants from industrial sites
(10)

Contaminated land CL:AIRE
guidance: EA Source-pathway-
receptor assessment

Changes in groundwater flows to surface water
bodies and dependent ecosystems (Younger et
al., 2002) (7), or to groundwater flooding

Surface and ground
water - chemistry

Field parameters, sample collection and laboratory
analysis. Standard suites and contaminants of concern

Environmental quality standards:
SEPA 2014;2019; UKTAG 2013

Mobilisation of contaminants from industrial sites
(10)

Soil chemistry

Sample collection and laboratory analysis: standard suites
and contaminants of concern

CL:AIRE guidance; British
Standards

Risk of biofilm clogging/biogeochemical Geomicrobiology Geomicrobiology characterisation (DNA, RNA) n/a
reactions (8)
Subsidence (3) Ground motion INSAR analysis. On the ground repeat surveys. n/a

Fault reactivation leading to fluid movement (1)

Inclinometers. Hydrogeological monitoring

Fault reactivation (12)

Aseismic movement,
ground motion or
induced seismicity

Seismic and microseismic monitoring, fibre-optic acoustic
monitoring (DAS).

Earthquake magnitude (ML)

Gas (COgz, CHa, H2S)

Gas migration

Soil (ground) gas monitoring, near-surface gas monitoring,
gas monitoring at boreholes

Coal Authority/HSE guideline on
drilling (2019)

Cumulative land use impacts (11)

Surface - ecosystems

Ecological surveys — standard practice in environmental
consultancy

British Standards

Mine water scheme interference (6). Changes in
performance (negatively or positively)

Groundwater —
temperature/level.
Heat pump efficiency

Hydrogeological logger and other temperature
measurement (DTS, thermistor strings). Heat pump
coefficient of performance (COP)

Under groundwater and coal
mine permitting and licensing

Thermal exchange with basements, foundations,
sewers, tunnels, other ground source heat
boreholes (10) (negatively or positively)

Temperature and flow
monitoring

Hydrogeological logger and other temperature
measurement (DTS, thermistor strings and temperature in
the builtinfrastructure).

n/a

Table 2




Process

Local
flooded,
workings

collapse  within
disused mine

Large collapse within
flooded, disused mine
workings (e.g. multiple
pillars or seams) leading
to crown hole formation
Fault reactivation

Felt seismic event caused
by geothermal activities

Regional ground motion

Table 3

Potential causes - mine water geothermal

Turbulent flow causes pillar spalling/goaf/stowage
erosion leading to lack of roof support (Younger
2014)

Flow or pressure-induced local stress changes (e.g.
water level drawdown to beneath roof of mine
working removing buoyant support, Younger 2014)
Thermal changes induce pressure changes (e.g.
models in Todd et al. 2019, 2024), in turn inducing
pillar collapse or upward ground movements.
Natural seismicity nearby

Induced locally by turbulent flow, pressure/stress
changes or thermal changes (as above) — leading to
chain effect of multiple collapses in pillar and stall
workings or stacked workings

Pressure increases during reinjection result in
aseismic fault slip on pre-existing natural faults.
(Noting mine workings are shallower than other
geoenergy technologies; reinjection pressure is low)
Pressure increases during reinjection resultin sudden
fault slip/seismicity on pre-existing natural faults in
stress states/orientations close to failure. (Noting
mine workings are shallower than other geoenergy
technologies; reinjection pressure is low)

Regional changes in water level due to changes in
pumping regime

Risk — mine water geothermal

Limited upwards void migration,
possibly leading to
- damage to borehole
- change in hydrogeological,
thermal properties at the
borehole or connectivity of
the mine water reservoir.
- increased fractures
underlying or overlying the
mine working.

More signif_icant upward migration
leading to surface ground motion
and subsidence

-_Po_ssibilityfor differential subsidence

across pre-existing faults.

Felt seismicity and surface damage

Uplift or subsidence

Evidence it
occurs during
mine water
geothermal
operations

None found in UK
literature review.

None found in UK
literature review.

None found in UK
literature review.

None found in UK
literature review

None found in UK
literature review

Evidence the  process
occurred during mining or
during post-abandonment
groundwater rebound

Evidenced in field and
opencast exposures,
borehole data

Examples of surface

collapses from NCB, 1975;
Healy and Head, 1984;
Mason et al. (in CIRIA
2019),

Donnelly etal., 2006, 2008

Baptie et al. (2016) -
seismicity from mine
collapses during mining.

e.g. Bateson et al. 2015,
Gee et al. 2017; Sowter et
al. 2017 after pumps has
been switched off across
whole coalfields
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Regional connectivity Permeability from
of mine workings natural horizontal
and vertical fractures

Shafts, roadways, stone
roads and blind pits as
conduits for heat
advection

Changes in
geological structure

Younger overburden

Geothermal gradient

ON

Open void Goaf Open roadway
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Installed after test
pumping in Feb 2020

\ 4 loggers removed for
\
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\

installation

Temperature °C
S

114 Site access after
Covid pandemic

July 2020

Mine water boreholes
(Glasgow Upper)
~——GGA01 (19.8)
—GGA04 (17)
—GGAO07 (19.9)

Figure 4

January 2021 July 2021 January 2022

Time (months)

Monitoring boreholes
(bedrock)

........ GGAO3r (23.8)
........ GGBOS5 (19.2)

Mine water boreholes
(Glasgow Main)
——GGA05 (19.8)
——GGAO08 (20.1)

Monitoring boreholes
(superficial deposits)
GGB04 (11.9)
----- GGAO6r (11.5)
----- GGAO09r (10.5)

July 2022 January 2023 July 2023

dc= logger depth change
nc= break in data collection

numbers in italics are the depth of

the hydrogeological logger downhole
in metres
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