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Mine water geothermal energy could provide sustainable heating, cooling and storage
to assist in the decarbonisation of heat and achieving Net Zero carbon emissions.
However, mined environments are highly complex and we currently lack the
understanding to confidently enable a widespread, cost-effective deployment of the
technology. Extensive and repeated use of the mined subsurface as a thermal source/
store and the optimisation of operational infrastructure encompasses a range of
scientific and technical challenges that require broad partnerships to address. We
present emerging results of a pioneeringmultidisciplinary collaboration formed around
an at-scale mine water geothermal research infrastructure in Glasgow,
United Kingdom. Focused on a mined, urban environment, a range of approaches
have been applied to both characterise the environmental change before geothermal
activities to generate “time zero” datasets, and to develop novel monitoring tools for
cost-effective and environmentally-sound geothermal operations. Time zero soil
chemistry, ground gas, surface water and groundwater characterisation, together
with ground motion and seismic monitoring, document ongoing seasonal and
temporal variability that can be considered typical of a post-industrial, urban
environment underlain by abandoned, flooded coal mine workings. In addition, over
550 water, rock and gas samples collected during borehole drilling and testing
underwent diverse geochemical, isotopic and microbiological analysis. Initial results
indicate a connected subsurface with modern groundwater, and resolve distinctive
chemical, organic carbon and stable isotope signatures from different horizons that
offer promise as a basis for monitoring methods. Biogeochemical interactions of
sulphur, carbon and iron, plus indications of microbially-mediated mineral oxidation/
reduction reactions require further investigation for long term operation. Integration of
the wide array of time zero observations and understanding of coupled subsurface
processes has significant potential to inform development of efficient and resilient
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geothermal infrastructure and to inform the design of fit-for-purpose monitoring
approaches in the quest towards meeting Net Zero targets.

Keywords: geochemistry, geothermal, mine water, environmental monitoring, geomicrobiology

INTRODUCTION

Central to achieving Net Zero carbon emissions targets in the
UK will be the decarbonisation of heating and cooling of our
buildings (HM Government, 2020). In 2020, 90% of UK homes
used fossil fuels (predominantly gas) for heating, cooking and
hot water (HM Government, 2020) with UK domestic heat
demand between 300 and 400 TWh/yr between 2003 and
2015 (Watson et al., 2019). Globally, heating and cooling
accounted for 51% of energy demand in 2018, with 10.2%
met from renewable energy (Ren21, 2021), though the
picture is varied with the “fuel share” for heating demand of
countries such as Sweden and Norway being less than 10% for
gas, oil and coal (Gross and Hanna, 2019). To date, progress to
decarbonise heat in the UK has been slow due to factors such
as paucity of heat networks, retrofitting of existing buildings,
lack of subsurface heat regulation (Abesser, 2020; HM
Government, 2020; Postnote, 2020) and lack of strong policy
signalling (e.g., Committee on Climate Change, 2016; Gross
and Hanna, 2019). The sector is rapidly evolving with the
emergence of growing numbers of policy/strategy
announcements and financial schemes [e.g., UK Government
Green Heat Network Fund, Net Zero Strategy (HM Government,
2021), Scottish Government Heat in Buildings Strategy and
Scottish Heat Network Fund], including wider recognition that
geothermal energy could form an important part of
decarbonisation of heat (e.g., Lund and Toth, 2021; REA/
Arup 2021; Abesser and Walker, 2022).

Using the shallow underground (≤500 m) for heating,
cooling and thermal storage offers a potentially sustainable
low carbon solution for the energy transition. Mine water
geothermal utilises the warm water in abandoned, flooded
coal mines that are widespread beneath many of the UK’s
towns and cities (Bailey et al., 2016; Farr et al., 2020; Walls
et al., 2021). This anthropogenic aquifer has the potential to
supply renewable heat to homes and businesses coincident
with the coalfields, which are commonly locations of heat
demand. Less than fifty documented operating schemes in
abandoned coal mines have proved the concept of mine water
heating, cooling and inter-seasonal storage globally including
in Germany, Spain, Netherlands, Poland, United States, Russia
and China, with the UK currently having around 2.6 MWth of
mine water heat installed and 9 MWth currently under
advanced exploration or construction stages (e.g.,
Verhoeven et al., 2014; Banks et al., 2017; Loredo et al.,
2017; Adams et al., 2019; The Coal Authority, 2020; Busby
and Mansor, 2021; Steven, 2021; Walls et al., 2021). Estimates
of the mine water thermal resource are large, for example
2.7 TWh/yr from the Midland Valley of Scotland heat-in-place
(not the recoverable resource), equivalent to 8% of Scotland’s
annual domestic heating demand (Todd et al., 2019), or c.

16 TWh of potential UK underground thermal storage (Gluyas
et al., 2020, ΔT 5°C scenario) equivalent to around 5% of annual
UK domestic heat demand (Watson et al., 2019). The potential
in other countries with abandoned, flooded coal mines is also
significant (e.g., US Watzlaf and Ackman, 2006; Germany
Bracke and Bussmann, 2015; generally Preene and Younger,
2014; Ramos et al., 2015).

To enable the widespread rollout of mine water heat, the
costs and technical risks need to be significantly reduced along
with changes to policy, regulation and financial incentives
(NERC, University of Strathclyde and BGS, 2019; Optimat,
2019; NELEP, 2021; Townsend et al., 2021). The technical
aspects of subsurface exploration, sustainable operation
and heat distribution spans a wide range of disciplines:
geoscience, engineering, biochemistry, economics, and
social science. Consequently, geoscientists are increasingly
aware of their role in the whole energy chain. For example, the
social acceptability for onshore geoenergy technologies relies
on risks and uncertainties being better understood,
community-focused engagement and energy framing (Dickie
et al., 2020; Demski, 2021). Increasing the geoscientific
evidence base through new scientific data is at the core of
this energy chain (Figure 1). For mine water geothermal, one
such research area that we know relatively little about is the
consequences of chemical, biological and physical processes
acting in an anthropogenically-altered underground, how these
are impacted by the repeated cycles of heat and water flow of
geothermal operations, and by competing uses of the
subsurface for resources, such as water supply, and
infrastructure.

Real-world quantitative evidence of coupled rock and fluid
processes, ongoing and induced environmental change for de-
risking can happen at multidisciplinary, at-scale test sites
(Jenkins et al., 2012; Stephenson et al., 2019; Figure 1 outer
ring). The UK Geoenergy Observatory in Glasgow is one such
example, specifically designed around mine water heat
(Monaghan et al., 2021a).

The UK Geoenergy Observatory (hereafter referred to as the
Glasgow Observatory, or simply Observatory) is located in the
south-east of Glasgow city region with the majority of the
infrastructure situated within the Cuningar Loop, Rutherglen
(Figure 2). It is a unique facility for monitoring, testing and
innovation focused on process understanding of mine water
heat, funded by UK Government through UK Research and
Innovation/Natural Environment Research Council, delivered
and operated by the British Geological Survey (BGS). The
planning, construction and testing of the boreholes was
delivered between 2016 and 2020 and the Observatory is
planned to have a 15-year operational lifespan (Monaghan
et al., 2021a; Starcher et al., 2021). It comprises 12
boreholes across five sites–five groundwater environmental
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monitoring boreholes (16–45 m mbgl), five mine water
characterisation and monitoring boreholes screened at the
Glasgow Upper mine working (c. 50 m mbgl) or Glasgow
Main mine working (c. 85 m mbgl), a sixth borehole
repurposed for sensor testing to 67 m depth, and a 199 m
deep seismic monitoring borehole that produced the cored
reference section (Figures 2, 3). Downhole electrical resistivity
tomography sensors, fibre-optic cables for distributed
temperature sensing and hydrogeological data loggers
enable time-series monitoring to characterise physical,
chemical and flow heterogeneities. Permanent geothermal

“sealed open loop” infrastructure for research into the
abstraction and re-injection of mine water and extraction or
storage of heat is being installed on four of the existing mine
water boreholes for completion in mid-2022. The 200 kW
output is at the scale of a small mine water heat scheme,
such as may supply a municipal building; for example in Essen,
Germany a scheme of comparable size was used to heat a
retirement complex (Hall et al., 2011). With far greater
monitoring than would be expected of a commercial
geothermal scheme, the extensive data gathered at the
Glasgow Observatory on processes, developing monitoring

FIGURE 1 | Summary of key geoscientific subsurface processes inmine water heating, cooling or storage (core of figure), resultant potential
risks and impacts (second ring), mapped outwards to implementation/outcomes/benefits (outer ring).
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FIGURE 2 | Locationmaps (A) location of the UK Geoenergy Observatory (B) overview of surface water, soil chemistry and borehole sites in
Glasgow city region (C) detail of boreholes and ground (soil) gas survey points at Cuningar Loop. Ordnance Survey data ©Crown Copyright and
database rights 2021. Ordnance Survey Licence No. 100021290 EUL.
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tools etc. has wide applicability to similar settings, and to
regulatory and policy development.

This paper highlights some of the first time-series datasets
that form the environmental baseline characterisation at the
shallow mine water geothermal observatory at “time
zero”—before construction, during construction and through
borehole testing. We highlight that by multidisciplinary working
we can uniquely explore coupled hydrogeological-chemical-
biological processes and use these to provide an innovative
insight to future research challenges in this complex
environment (Figure 1; inner rings). This characterisation
and monitoring forms the basis to evaluate any future
changes induced by geothermal heat extraction and flow
cycling. It informs the resource size and sustainability,
environmental impact and may contribute towards social
approval of mine water heat, towards innovation of new
technologies and reducing cost and risk for future heat
supply schemes.

We describe a novel multidisciplinary and multi-institution
approach to integrative applied geoscience required to address
current societal need, unusual in the terrestrial environment
outside of large grant funding. The approach initiated from
during drilling and testing samples provided to five Universities

during construction of the Glasgow Observatory. Open access
data and collaborative discussions tomaximise understanding
have enabled a subsurface systems approach, more diverse
and explorative than may have been achieved without
integration, illustrating the power of providing scientific
access to such sites prior to, and during, the
construction phase.

METHOD AND MATERIALS: DURING
DRILLING AND BASELINE SAMPLING
CAMPAIGNS
In and around the Glasgow Observatory, a suite of
environmental baseline characterisation and monitoring data
has been collected by the site operator (BGS) on the physical
properties of the aquifer, the chemical properties of
groundwater and surface water, the land quality (soil
geochemistry), ground gas measurement, together with
seismicity and ground movement over larger areas
(Figure 2; Bateson and Novellino, 2019; Barkwith et al.,
2020; Fordyce et al., 2020a; Fordyce et al., 2021; Palumbo-
Roe et al., 2021; Shorter et al., 2021a,b). The environmental

FIGURE 3 | Interpretive 3D block diagram to illustrate borehole geometry, proved and interpreted mine working variability indicated by
abandonment plans at the UK Geoenergy Observatory in Glasgow. No vertical exaggeration. Height in metres relative to Ordnance Datum shown
(ground level around 10–12 m above OD) Reproduced from Monaghan et al. (2021a), BGS © UKRI 2021.
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baseline characterises the prevailing natural and
anthropogenic conditions; this paper includes baseline
measurements and surveys from 2018 to 2020.

In addition, opportunities were advertised by BGS for
researchers to request samples before two periods of

borehole drilling commenced. This early access “during
drilling” sampling covered time-dependent core sampling,
rock chip samples, drilling fluid and groundwater. This paper
highlights some initial results of 149 core, 120 rock chip,
217 during-construction drilling fluid/groundwater and

TABLE 1 | Summary of sample analysis and laboratories used.

Sample analysis type Analytes Laboratory
used

Detailed samples. Methodology
and data DOI

where available

Baseline characterisation
groundwater

Major and trace element cations and anions, Cr (VI and
III) speciation, lab alkalinity, total inorganic carbon
(TIC), stable hydrogen, oxygen and carbon isotopes
δ2H, δ18O and δ13C, non-purgeable organic carbon
(NPOC), Total petroleum hydrocarbons (TPH),
Polycyclic aromatic hydrocarbons (PAH). In monthly
samples—volatile organic compounds (VOC),
Methane and carbon dioxide gas (CH4 and CO2),
Radon, Ammonium (NH4)

BGS
Keyworth
BGS
Wallingford
Scottish
Water

Borehole during construction—groundwater https://doi.org/
10.5285/295984e5-5f2a-43aa-aa3d-6995a80ac8ed
Test pumping—groundwater https://doi.org/10.5285/
53ded3f2-a4e9-4f49-8084-2c8b3b485268
Monthly baseline sampling—groundwater https://doi.org/10.
5285/8a980baa-e10f-4ecb-bd49-85b7eb33badd

Baseline characterisation
surface water

Major and trace element cations and anions, Cr (VI and
III) speciation, lab alkalinity, total inorganic carbon
(TIC), stable hydrogen, oxygen and carbon isotopes
δ2H, δ18O and δ13C, non-purgeable organic carbon
(NPOC), Total petroleum hydrocarbons (TPH),
Polycyclic aromatic hydrocarbons (PAH)

BGS
Keyworth
BGS
Wallingford
Scottish
Water

Surface water https://doi.org/10.5285/b65716f4-4f4c-4070-
8539-b796c4bf8796

Baseline characterisation
soil

53 inorganic chemical elements by X-Ray
Fluorescence (XRF). Cr(VI) by speciated isotope
dilution mass spectrometry (SIDMS). pH. Asbestos
screening. Total Organic Carbon (TOC). Persistent
Organic Pollutants (POPs) including; Total Petroleum
Hydrocarbons (TPH), 36 polycyclic aromatic
hydrocarbon (PAH) compounds 32 and
polychlorinated biphenyls (PCB), via gas
chromatography-mass spectrometry (GC-MS)

BGS
Keyworth
(pH, SIDMS,
TOC, TPH
and GC-MS).
Malvern
Panalytical Ltd.
(XRF). I2
Analytical
Laboratories
Ltd.
(asbestos
screening)

Topsoil samples (0–20 cm depth) https://doi.org/10.5285/
0bfdeb32-db24-4221-9d02-f074f51edff2

S, H, O isotopes H and O water samples stored at 4°C, and analysed
rapidly after collection. Sulphate samples precipitated
on site for S isotope analyses of solid in lab thereafter

SUERC Rock core, rock chips at drill site
Water from borehole, returns pipe and settling tank during
drilling
Water before and during borehole cleaning
Groundwater during test pumping

Organic carbon Stable carbon isotope analysis (13C), RockEval 6
oxidation/pyrolysis organic matter characterisation,
water leachable rock-derived dissolved organic carbon
(DOC) concentration and dissolved organic matter
(DOM) characterisation

Heriot-Watt Rock chips at drill site
Water from returns pipe and settling tank during drilling.
Water before borehole cleaning. Groundwater during test
pumping

Geomicrobiology Samples filtered, DNA extracted and quantified (Qubit
fluorescence assay). Marker gene for prokaryotes
amplified and visualised using gel electrophoresis

Exeter
Glasgow

Rock chips at drill site
Water from settling tank at target drill depth, before and
during borehole cleaning. During test pumping (Exeter)
Monthly baseline sampling (Glasgow)

Gas composition stable
isotopes of CH4 and CO2

30 rock core and 54 chipping samples collected in
isojars and stored for 2 months to allow degassing.
Gas composition measured via gas chromatography
(GC), with 10 samples with CH4 concentrations high
enough to permit C and D stable isotope analysis, and
15 samples having CO2 concentrations that permitted
analysis of C and O stable isotopes

SUERC
Edinburgh

Rock core, rock chips at drill site
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66 post-drilling groundwater samples that were collected and
distributed to 12 academic researchers in 5 universities,
covering research on geochemistry, isotopic
characterisation, gases, organic carbon and geomicrobiology
(Figure 2; Table 1). A detailed Supplementary Table S1 is
provided in supplementary information that details the purpose
and timing of sampling for each research group. The detailed
methodologies, results and data are available in open data
packs for baseline characterisation and monitoring via the
National Geoscience Data Centre or links on the ukgeos.ac.
uk website.

Baseline surveys and sampling were undertaken before
drilling, during drilling, during borehole cleaning and test
pumping (Figure 4), providing the time zero baseline through
the exploration stages of a mine water geothermal
infrastructure. Samples represent both the natural
environment (e.g., rock chips, surface water and soil) plus
responses to, and monitoring of, drilling into the subsurface
environment (e.g., borehole drilling return fluids, settling tank
fluids). Analysis and reporting presented here are categorised
through drilling stages, borehole depth (time-series) and
lithologically.

Stakeholder engagement, including with the public, was a
critical part of the development of the Glasgow Observatory,
running in parallel to the time zero baseline sampling and
characterisation described here. Public engagement events
were held with the local community, enabling open dialogue
with local residents, resulting in the repositioning of some
boreholes, and establishing a relationship that continued
throughout the drilling and construction process. Community
engagement identified that potential or perceived
environmental impacts from construction and geothermal
activities were a concern, further justifying the need for an
environmental baseline. A separate study found that

awareness of geothermal technologies was low (Dickie
et al., 2020).

BOREHOLE DRILLING AND TESTING

Here, we present the method, results and initial interpretation
for different studied parameters in turn, giving information on
the context and rationale as we do so.

Geology and Mine Water Reservoir
The superficial deposits across the Glasgow Observatory
range from 26 to 40 m in thickness, including 7.5–9 m of
made ground dominated by materials consistent with
building demolition landfill. The natural Quaternary
succession is typical of that in the River Clyde valley and
eastern Glasgow, comprising glacial till and marine,
lacustrine and fluvio-glacial deposits, overlain by fluvial
deposits (Browne and McMillan, 1989; Arkley and Callaghan,
2021). At Cuningar Loop, the superficial deposits beneath the
fluvial deposits and raised marine estuarine clays proved to be
more sand- and gravel-dominated than predicted, with
channelised glacio-fluvial deposits interpreted as cutting into
glacial till (Arkley and Callaghan, 2021; Monaghan et al., 2021a;
Figure 3).

The bedrock succession in this part of eastern Glasgow
comprises gently folded Carboniferous sedimentary strata that
are cut by faults of metres to hundreds of metres throw, on a
variety of orientations. Nine observatory boreholes penetrated
bedrock typical of the Scottish Coal Measures Group, with
interbeddedmudstone, siltstone, sandstone and coal (Figure 3;
Table 2). Borehole GGC01 at Dalmarnock provided a c.170 m
cored section containing 9 intact coal seams (Monaghan et al.,
2021b). At Cuningar Loop, mine water boreholes encountered

FIGURE 4 | Overview of sample, surveys and monitoring through time during construction of the UK Geoenergy Observatory in Glasgow.
Boreholes progressed through drilling, cleaning, test pumping and groundwater chemistry sampling (GW). Blue numbering shows corresponding
result figures in this paper.

Earth Science, Systems and Society | The Geological Society of London August 2022 | Volume 2 | Article 100547

Monaghan et al. Time Zero for Net Zero

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


workings in the Glasgow Upper, Glasgow Ell and Glasgow Main
coal seams, proving water-filled voids, mine waste, fractured
rock mass and intact coal pillars (Monaghan et al., 2021a;
Table 2). Three boreholes are screened across the Glasgow
Upper mine working (GGA01, GGA04, GGA07) and two screened
across the Glasgow Main mine working (GGA05, GGA08;
Figure 3). These are representative of different mining styles

and post-abandonment history with groundwater flow likely to be
via combination of pipe flow (voids), porous media (mine
“wastes” (material packed into workings, or roof collapse into
workings), surrounding sandstones) and fracture flow.

The successions are typical of many coalfield areas where
the post-industrial legacy includes a complex and
anthropogenically-altered groundwater and surface water

TABLE 2 | Summary of boreholes at the Glasgow Observatory: drilling type, internal casing diameter and screened horizon.

Borehole
number

Borehole type Drilling method: superficial
and bedrock sections

(all made ground
sections excepting GGC01:

piling auger)

Total
drilled
depth

from drill
platform
level (m)

Total
casing
depth

from as-
built
datum
(m)

Screen depth
from

as-built
datum (m)

Screen type and
internal casing

diameter
(ID)

Description of screened
interval

GGA01 Mine water Superficial and bedrock: rotary,
reverse circulation

52.00 51.11 44.81–48.41 4 mm slotted with
pre-glued gravel
pack, 248 mm ID

Overlying sandstone roof and
Glasgow Upper mine working
waste

GGA02 Sensor testing Superficial and bedrock: rotary,
reverse circulation

94.16 92.57 n/a 248 mm ID n/a. Grout filled Glasgow Main
target interval/screen inside
casing up to 67.2 m

GGA03r Environmental
monitoring

Superficial: rotary, direct
circulation

41.72 40.81 37.00–39.81 3 mm slotted with
pre-glued gravel
pack, 146 mm ID

Sandstone bedrock, above
Glasgow Upper mine working

Bedrock: rotary, reverse
circulation

GGA04 Mine water Superficial and bedrock: rotary,
reverse circulation

53.63 53.00 47.40–51.00 4 mm slotted with
pre-glued gravel
pack, 248 mm ID

Overlying sandstone roof
(fractured?) and Glasgow
Upper mine working position,
coal and mudstone

GGA05 Mine water Superficial: rotary, reverse and
direct circulation

88.50 88.00 83.60–86.30 4 mm slotted no
gravel pack,
248 mm ID

Overlying sandstone roof and
Glasgow Main mine working,
void to mudstone floorBedrock: rotary, reverse

circulation

GGA06r Environmental
monitoring

Superficial: rotary, direct
circulation

16.00 13.76 11.79–13.76 1 mm slotted with
pre-glued gravel
pack, 103.8 mm ID

Sand and gravel in superficial
deposits

GGA07 Mine water Superficial: duplex drilling,
direct circulation. Bedrock:
rotary, reverse circulation

56.90 56.61 50.91–53.61 4 mm slotted pre-
glued gravel pack,
248 mm ID

Overlying mudstone roof and
Glasgow Upper mine working,
coal pillar and void

GGA08 Mine water Superficial: rotary with reverse
and direct circulation, and
duplex drilling Bedrock: rotary,
reverse circulation

91.37 87.95 85.08–87.70 4 mm slotted pre-
glued gravel pack,
248 mm ID

Overlying sandstone/siltstone
and Glasgow Main mine
roadway void

GGA09r Environmental
monitoring

Superficial: rotary, direct
circulation

16.00 14.33 11.43–13.33 1 mm slotted with
pre-glued gravel
pack, 103.8 mm ID

Sand in superficial deposits

GGB04 Environmental
monitoring

Superficial: rotary, direct
circulation

16.00 12.99 10.09–11.99 1 mm slotted with
pre-glued gravel
pack, 103.8 mm ID

Sand and gravel in superficial
deposits

GGB05 Environmental
monitoring

Superficial: rotary with reverse
and direct circulation, and
duplex drilling. Bedrock: rotary,
reverse circulation

46.00 45.39 42.39–44.19 3 mm slotted with
pre-glued gravel
pack, 146 mm ID

Sandstone bedrock, above
Glasgow Upper mine working

GGC01 Seismic
monitoring

Geobore S coring 199.00 198.30 n/a 76.6 mm ID n/a

Grid references, drilled and datum heights are given in open data releases from ukgeos.ac.uk. n/a, not applicable.
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hydrogeological and hydrochemical environment comprising
not only coal-mine waters, mine working roadways, shafts
and discharges, but also a top layer of made ground that
may include contaminants of concern.

Hydrogeology and Groundwater Chemistry
Initial hydrogeological indications were gained throughout
borehole drilling, with sample analysis from the drilling flush,
settling tank, borehole water and borehole cleaning stages

TABLE 3 | Summary of initial test pumping of nine boreholes, plus slug test on one borehole, at the Glasgow Observatory, data summarised from Shorter et al. (2021).

Borehole Pumping rates
used during
5-h step

drawdown test
(L/s)

Pumping rate
of 5-h

constant rate
test (L/s)

Maximum drawdown
during constant

rate test
(m)

Preliminary transmissivity
of drawdown
data (m2/day)
using Jacobs
straight line

method

Preliminary transmissivity
of recovery

data (m2/day)
using Theis

recovery method

GGA01 4.8/10.3/15/19.7/24.9 20 1.34 1130 1020
GGA03r 0.13/0.17/0.28/0.28 0.1 8.04 2.6 n/a
GGA04 4/7.9/11.7/15.5/19.8 15 18.24 240 950
GGA05 5/10/14.9/19.9/25 20 0.3 1976 1976
GGA06r 0.12/0.26/0.4/0.62 0.5 1.01 79 225
GGA07 5/10.1/15/20/25 20 2.27 1050 1020
GGA08 5/10.1/15.2/20.2/25.2 20 0.35 1750 2100
GGA09r 0.12/0.22/0.42/0.62 0.5 0.99 225 225
GGB04 n/a n/a n/a 0.04 (falling head test) 0.018 (rising head test)
GGB05 1/2/2.8/3.5/4.3 6.6 2.25 990 580

FIGURE 5 | Overview of groundwater levels (GWL) in ten boreholes in metres relative to Ordnance Datum (OD) during the pumping test
period January–February 2020. In grey, SEPA rainfall data © Scottish Environment Protection Agency and database right 2021. All rights
reserved. Glasgow Main mine working boreholes in green, Glasgow Upper mine working boreholes in blue, bedrock boreholes in orange,
superficial deposit boreholes in yellow, showing that piezometric head levels are highest in the Glasgow Main mine working, distinctly
different levels in the superficial deposits, plus the response to high rainfall. Sharp spikes are test pumping periods.
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presented in separate sections below. A small number of
standard geochemistry analyses taken by BGS during
borehole construction (Shorter et al., 2021b) were followed
by the results from test pumping that represent purged
samples of groundwater from the aquifer unit.

Characterisation of the hydrogeological system and viable
yields from abstraction boreholes are critical to evaluating
mine water heat resources and understanding coupled
systems and processes in the rock-water-biosphere
environment. In addition, these data inform environmental
protection. As a first step, pumping tests were carried out
by BGS in ten of the boreholes at the Glasgow Observatory to:
determine the physical aquifer properties of themine workings,
bedrock and superficial deposits; test the yield of the
boreholes; identify connectivity between units; and to take
pumped samples for water chemistry characterisation and
residence time analysis. Step tests and five-hour constant
rate tests were undertaken at nine boreholes, whilst a falling
and rising head test was carried out on the low yielding
borehole GGB04 (Shorter et al., 2021a; Figure 2 and
Table 3). Water levels were monitored in pumped and
observation boreholes (Figure 5) and preliminary
transmissivity measurements estimated using Jacob’s
approximation and the Theis recovery method (Table 3). Not
all assumptions were wholly met for analysis using the Jacob’s
Method or Theis recovery which assume homogeneous
isotropic conditions with intergranular flow. However,
research and modelling has shown that transmissivity
estimated using these methods in more heterogeneous
aquifers can still give realistic results (Sanchez-Vila et al.,
1999; Halford et al., 2006). Samples were taken during the
tests for major ions, trace elements and a range of organic
carbon compounds, dissolved gases, and stable isotopes (δ2H,
δ18O, δ13C, δ34S; Table 1 BGS analyses; Palumbo-Roe et al.,
2021).

The test pumping gave maximum drawdowns of 0.3–18 m
across the test sites. The transmissivity of the superficial
deposits at the Observatory are highly variable (<1 to
>200 m2/day), reflecting the diversity of superficial material,
but consistent with previously measured transmissivity values
in Glasgow (Williams, et al., 2017). The test pumping responses
in the two bedrock boreholes gave very different results, likely
reflecting the importance of fracturing within the sandstone,
including fracturing induced in the overlying bedrock bymining.
The transmissivity was similar within mine workings -
approximately 1000 m2/day for the three tests in the
Glasgow Upper and approximately 2000 m2/day for the two
tests in the Glasgow Main—despite the boreholes penetrating
mine workings of diverse character from open voids, to waste
and likely fractured coal, and likely incorporating a range of
local hydrogeological conditions. Data on transmissivity are
rare for Coal Measures strata (Jones et al., 2000; Graham et al.,
2009), but the results are at the higher end of estimates from
available Scottish pumping test data (Ó Dochartaigh et al.,
2015). The temperatures measured during the pumping tests
were in the range 11.5–12.5°C, with the highest temperatures
observed in the deeper Glasgow Main mine working.

Characterising the chemistry of the groundwaters from test
pumping sampling reveals that all the groundwaters are
moderately mineralised (1500–2000 μS/cm), with near
neutral pH, and comprise bicarbonate–type waters. They
contain sufficient alkalinity (HCO3 range 731–943 mg/L) to
neutralise the mineral acidity, and are therefore classed as
net alkaline mine waters, in common with many of the flooded
mine workings in Scotland (Younger, 2001). The carbon
isotope signature δ13C of dissolved inorganic carbon (DIC),
averages −10.9‰. Anoxic conditions are common to all the
groundwaters, with dissolved oxygen <0.5 mg/L; nitrate
concentrations <0.6 mg/L, and high concentrations of
dissolved iron (range 417–19,500 μg/L), manganese (range
260–3100 μg/L) and ammonium (up to 23 mg/L). Most
inorganic parameters are within the range of groundwater
measured from mined Carboniferous rocks in Scotland
(MacDonald et al., 2017). Multivariate statistical cluster
analysis indicates that the superficial deposits, bedrock
groundwaters and the mine-workings are each clustered into
statistically distinct groups based on their chemical
composition (Palumbo-Roe et al., 2021). Groundwater stable
isotope ratios (δ2H and δ18O) show a general correspondence
with the global meteoric water line indicating that the
groundwaters represent recharge from local rainfall
consistent with the current climate. Interpretation of
residence time data from CFC-11, CFC-12 and SF6 suggests
that the average mean residence time of the groundwater is
between 50 and 70 years in all the aquifer units. The youngest
waters occur in the deepest boreholes installed within the
Glasgow Main mine workings.

Groundwater level monitoring consistently shows that the
piezometric surface in the deeper mine workings is higher than
the shallower workings and both are higher than in the
superficial deposits (Figure 5), consistent with the site being
a discharge zone. In all boreholes, water levels respond to
rainfall, the most notable example after a large rainfall event in
February 2020 (Figure 5). The initial interpretation of the
pumping tests and chemistry indicate strong connectivity
within the individual mine workings and strong connections
between the overlying sandstone bedrock and the adjacent
Glasgow Upper mine working (orange and blue lines Figure 5).
There is evidence of connectivity between the two mine
workings, but little evidence of direct connectivity with the
superficial deposits. Synthesis of these data towards an
initial hydrogeological conceptual model is discussed below.

Surface Water Chemistry
Prior to and during borehole construction and testing,
monitoring of the chemical quality of surface water was
carried out between February 2019 and March 2020. The
monitoring has established the surface water temporal and
spatial chemical variability against which future change can be
assessed and contributes to the characterisation of the
hydrological/hydrogeological system in the area. Monthly
surface water sampling was carried out at six sampling
locations for inorganic, organic and isotopic analyses
(Table 1) in the lower reaches of the River Clyde catchment.
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The River Clyde is a major water body with a catchment of
about 2000 km2, flowing from east to west through urban
Glasgow with mean annual flow rate at 48 m3/s (at
Daldowie [NS 67154 61642], National River Flow Archive,
2022), fed by numerous tributaries for which regional
stream sediment and surface water geochemical surveys
have been conducted (Fordyce et al., 2004). On the River
Clyde, three locations were monitored proximal to the
Observatory at Cuningar Loop and two control sites
approximately 1.5 km upstream and 2 km downstream
(Figure 2B); all upstream of the weir that limits the tidal
extent of the river. An additional monitoring point was at
Tollcross Burn (SWTC in Figure 2B), a small tributary of the
River Clyde (Fordyce et al., 2021).

The surface waters are primarily circum-neutral to
alkaline pH (7.4–8.2) calcium-bicarbonate (Ca-HCO3)
waters, likely reflecting the calcareous nature of the
underlying geological parent materials and presence of
anthropogenic carbonate-rich materials, such as building
rubble, in the urban environment of Glasgow and
Rutherglen. Across the monitoring zone, the River Clyde
shows little spatial variability in the majority of the
parameters, except for minor differences which may
reflect greater influence of local bank seepage and poor
mixing at certain locations and times. The surface water
chemistry dataset showed significant temporal variability,
related to seasonal/climatic patterns, rainfall and
contaminant inputs. Parameters exhibiting seasonality
include dissolved organic carbon (3.0–17.3 mg/L),
temperature (3.6–21.9°C) and stable isotope data
(Fordyce et al., 2021). Major ion concentrations were
higher in the River Clyde during periods of lower rainfall
(April–June 2019), when baseflow was likely more
dominant. Several trace elements show similar temporal

behaviour in the River Clyde including arsenic, antimony,
barium, caesium, cobalt, rubidium, strontium, selenium, tin
and uranium (Figure 6: iron).

The range of δ13C values is typical for surface waters
(δ13C −10.5 to −25.6‰). The δ2H and δ18O data are within
ranges reported previously for surface waters in the west of
Scotland (δ2H −66.9 to −39.3‰; δ18O−9.5 to −6.6‰; Darling
et al., 2003; Tyler et al., 2016; Birkel et al., 2018). The δ2H and
δ18O data plot slightly above the global meteoric water line
(GMWL), but this is likely because waters in the west of
Scotland are known to be more enriched, especially in δ2H, as a
result of the predominance of moist-Atlantic weather fronts and
higher rainfall. There is some evidence of seasonal control on the
isotopic signatures, with more enriched δ2H (>−47‰) and δ18O
(>−7.5‰) values reported in the summer months
(June–September 2019; Fordyce et al., 2021).

For the majority of parameters, the concentrations recorded
in 2019–2020 are within or similar to the ranges reported from
the River Clyde and urban streams within the Glasgow area in
2002 and 2003 (Fordyce et al., 2004; Smedley et al., 2017).
Regulatory authorities class the River Clyde in Glasgow as a
highly modified water body with moderate ecological status.
Initial comparisons with the good river environmental quality
standard (EQS) annual average (AA) and maximum
allowable concentrations (MAC; SEPA, 2014; SEPA, 2019;
UKTAG, 2013) show that the majority of parameters are
within these limits.

During Observatory borehole construction, test pumping
and controlled discharges of waste water at SW05 between
June 2019 and February 2020, visual comparison of parameter
values and temporal trends shows little evidence of impact on
River Clyde water chemistry. This initial surface water dataset
shows little sign of mine water–surface water interaction,
however further work is needed with mine water chemistry

FIGURE 6 | An example time-series plot of surface water chemistry: iron concentrations. Each sampling location (Figure 2B) is shown in a
different colour. Contains SEPA rainfall data © Scottish Environment Protection Agency and database right 2021. All rights reserved. EQS
AA = environmental quality standard annual average for good river status (UKTAG, 2013; SEPA, 2014; SEPA, 2019).
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temporal monitoring data when those data are available, to
further characterise the hydrological/hydrogeological system.

Rock Organic Carbon Characterisation and
Dissolved Organic Matter Mobilisation
Potential
Fluid-rock interactions are omnipresent processes in the
subsurface, operating across micro to basin scales.
Research into fluid-rock interactions has a long and diverse
history (see Glassley et al., 2016 for overview). However, much
of this research has focussed on inorganic inventories (e.g.,
Orem et al., 2014; Luek and Gonsior, 2017). Considerably less is
known about organic matter (OM) pools that are mobilized in
response to natural and engineered perturbations in the
subsurface (e.g., Vieth et al., 2008; Wilke et al., 2015; Zhu
et al., 2015), and whether rock-leached organic matter in
pore water or induced waters leave a geochemical
fingerprint that can be traced back to the source,
preservation, level of thermal maturity, and potential
reactivity of the OM in the original source rock. This
information may be critical to better ascertain the impact of
perturbed rock-water interactions due to either increased
microbiological activity or organic-mineral interactions that
could generate climate active gases such as methane (CH4)
and carbon dioxide (CO2), or mobilise critical elements such as
trace metals into the aquifer. These gases and organo-mineral
complexes could potentially migrate and interact with the
surface environment.

Here we present the first results from an investigation into
water leachable organic matter (WLOM) from two mixed
organic-rich seam transitions (Glasgow Upper coal-
sandstone 1 from borehole GGA04 and Glasgow Main coal-
mudstone transition from borehole GGA05) and an interlayered
sandstone (sandstone 2 from GGA05) obtained as cuttings
from three sequential horizons at site 2 of the Glasgow
Observatory (location on Figure 3). The samples represent
the main lithological end-members of Carboniferous strata in
the subsurface, obtained from the during-drilling sampling
opportunity.

Relative proportions of coal versus sandstone and
mudstone cuttings in the transitional samples can influence
the geochemical data. The coal-mudstone transition sample
consists of 75% silty mudstone with siderite nodules and 25%
coal, while the Glasgow Upper coal-sandstone 1 sample is 70%
coal, 20% mudstone and 10% fine sandstone. The OM types of
the organic-rich coal transitional samples (Supplementary
Table S2) are thermally immature, evidenced by RockEval
(RE). The %TOC of the upper coal-sandstone sample
(50–51 mbgl) is 23.7% while the lower coal-mudstone
transition sample (87–88 mbgl) is lower at 12.8%.

The coal fragments from the two horizons are strikingly
different in their OM composition, as confirmed by
petrography. Coal of the Glasgow Upper coal-sandstone 1
sample is from a terrestrial source with 77% vitrinite (humic
coal) whereas the deeper coal-mudstone transition is primarily
of algal source, confirmed by 80% of liptinite macerals

(sapropel-type coal). The upper coal-sandstone 1 has higher
Hydrogen Indices (HI, 195 mgHC/gTOC) compared to the
much lower HI (93 mgHC/gTOC) in the coal-mudstone
transition sample (Supplementary Table S2). The sandstone
sample at 84–85 mbgl has elevated TOC (1.2%), very low HI
(67 mgHC/gTOC) and a Tmax of 437°C. We attribute the
elevated Tmax of the sandstone sample to the low S2 yield
and therefore the uncertain definition of Tmax temperature.
Despite notable difference in the organic composition in the
coals itself the δ13C of all samples studied is rather
homogenous, ranging from −22.8 to −23.5‰ (V-PDB). We
initially interpret this observation as the result of the variable
mixtures of coal with clastic lithologies.

To examine the potential for WLOM to provide diagnostic
information on the OM content and composition we conducted
a series of leachate experiments where rocks were mixed with
deionised (18.2 MΩ cm−1), carbon free-water (1:12.5 wt/vol.) in
Teflon tubes and placed in a shaking incubator, at a
temperature of 50°C for 48 h. Resulting filtrates were
analysed using liquid chromatography, organic carbon
detection, organic nitrogen detection and UV absorbance
detection (LC-OCD-OND-UVD; Huber et al., 2011; Zhu et al.,
2015) to identify different dissolved OM (DOM) fractions
(Figure 7) using size exclusion chromatography. Our results
demonstrate the large potential of this technique to identify
and characterise OC-rich lithologies (in this case study coal)
from mixed transitional samples. We show that despite the
coal-mudstone transition sample having a lower %TOC
(Supplementary Table S2), it generated over three times
more dissolved organic carbon (DOC; 152 ± 0.31 mg−1g
rock) compared to the upper coal-sandstone 1 sample (44 ±
0.44 mg−1g rock; Figure 7). Kerogen microscopy identified a
stark contrast between both coal transitions, with a distinct
liptinitic signature for the coal-mudstone sample.

The higher DOC in the coal-mudstone sample is primarily
sourced from the SEC fraction X4 (low molecular weight acids;
Zhu et al., 2015) likely reflecting higher release from sapropelic
sources. Our LC-OCD-OND-UVD system distinguishes various
low molecular weight group fractions (X5–X9) which have not
been previously reported. These fractions are particularly
enriched in the sandstone sample, where X7–X9
components contribute over 30% of the total DOC pool
(Figure 7). Furthermore, the coal-mudstone transition
sample has higher relative abundance of lower molecular
weight neutrals (X4–X9) compared to upper coal-sandstone
1, which has higher X3 abundance. These initial results suggest
distinct contrasts in leachable DOC from the different coal
types, balanced against the clastic (mudstone or sandstone)
background. The sandstone background has the lowest DOC
potential (25 mg-1g rock) yet it displays a similar DOC
composition to the coal-mudstone sample, suggesting a
common OM source. Further work is planned to consolidate
these first results, calibrate the experimental lab-based DOM
end member profiles with flowback and groundwater samples
collected during site construction and assess the potential of
WLOM to contribute to diagnostic characterisation of
subsurface rocks.
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It is unknown whether and how WLOMmay be accessed by
microbial communities indigenous to the subsurface or
introduced through fluid injection. As discussed below,
microbial activity in the perturbed subsurface could lead to
the generation of climate active gases as well as damage to
infrastructure and operational issues such as hydrogen
sulphide generation, corrosion, clogging and biofouling. The
pioneering nature of integrating organic, inorganic, and
microbial factors to assess the environmental impact of
utilising subsurface resources for sustainable heat is
required for comprehensive understanding of impacts from
new low carbon development strategies. Therefore further
work is necessary to assess the potential of WLOM from
various lithologies to support microbial activity and
establish how biodegradation affects WLOM profiles, and
identify generic properties that offer diagnostic capability for
improved operation of subsurface systems.

Bulk Gases and Stable Isotope Differentiation
of Gas Sources
Hazardous ground gases, such as CH4 and CO2, can be found
naturally in superficial deposits and coal bearing strata (Hall
et al., 2005; CL:AIRE, 2021). Determining the presence,
magnitude, and origin of mine gases, and how their
geochemical fingerprints change through the shallow
subsurface, is vital to developing an understanding of how
to manage the risk posed by different ground gases in the
sustainable development of geoenergy technologies (Simioni
et al., 2021). Such potential risks of mine gas migration to local
communities is exemplified by the events in the Scottish town
of Gorebridge in 2013–2014, where mine gas ingress into
residential houses resulted in a public health incident, and
the subsequent demolition of a public housing estate
comprising of 64 homes (Ramsay et al., 2017). Access to

the Glasgow Observatory during the construction phase
provided a unique opportunity to investigate the variability of
the gas fingerprints with depth within the coal mine workings
and unmined Carboniferous coal measures. Rock core
samples were collected from the 199 m deep seismic
monitoring borehole (GGC01) and drill cutting samples were
obtained from both GGA05 and GGA08 (Figure 2). Samples
were collected in gas tight isojars during the drilling
programme after the methods outlined in Hendry et al.
(2016, 2017), which were filled with distilled water leaving a
small headspace and then stored for 2 months to allow
degassing to occur. Geochemical gas analyses consisted of
bulk concentration analysis using gas chromatography;
followed by δ13CCH4, δ13CCO2, and δD stable isotopes, in
order to determine potential gas origins.

The initial data obtained identifies the presence of both CH4

and CO2 in the gases exsolved from samples from all three
boreholes (GGC01, GGA05, and GGA08). No correlation
between gas concentration and depth was observed, with
both CH4 and CO2 gas concentration values being highly
variable and closely linked to stratigraphic horizon. For the
unmined borehole (GGC01), both CH4 and CO2 gas were only
detected at depths below 77 m. Samples with increased
concentrations of CH4 gas appear to correlate to areas
immediately surrounding unmined coal seams, with
concentrations ranging from 6 to 88 mg/L (mean = 17 mg/L,
Std. dev = 23 mg/L). Samples with the highest CO2

concentrations occur in samples where CH4 concentrations
are lowest or absent, and range from 2 to 118 mg/L (mean =
33 mg/L, Std. dev = 37 mg/L). For mined boreholes GGA05 and
GGA08, considerably fewer instances of CH4 gas were found to
be present throughout the succession (9 out of 54 samples
compared to 12 out of 15 samples from GGC01), with the
majority of samples having levels below detection limits, which
complements groundwater concentration data (Palumbo-Roe

FIGURE 7 | LC-OCD-OND-UVD water leachable organic matter compound groups identified from Site 2 of the Glasgow Observatory in
different lithologies. DOM, dissolved organic matter; DOC, dissolved organic carbon; X1–X9 refer to identified DOM compound groups with
increasing relative molecular weight. © Heriot-Watt University 2022.
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et al., 2021). In GGA08, CH4 was identified at four stratigraphic
depths; all of which correspond to areas of coal seams or mine
workings. In GGA05, CH4 was solely detected at 57–67 m
depth in a cluster of samples, corresponding to the
succession directly above the Glasgow Ell mine workings.
CH4 concentrations for GGA05 and GGA08 boreholes ranged
from 6 to 324 mg/L (mean = 53 mg/L, Std. dev = 102 mg/L),
with the highest CH4 concentration occurring within a sample
from the unmined Glasgow Ell Index coal seam in GGA05.
These values are higher than in-situ groundwater CH4

concentrations recorded e.g., Glasgow Main (174–185 μg/L)
and Glasgow Upper (117–145 μg/L) (Palumbo-Roe et al.,
2021). CO2 gas is present throughout the succession of

both GGA05 and GGA08, with concentrations ranging from 4
to 130 mg/L (mean = 31 mg/L, Std. dev = 30 mg/L), and
correspond well with measured groundwater concentrations
of 105–256 mg/L (Palumbo-Roe et al., 2021).

Samples from the unmined borehole GGC01 exhibit a
narrow δ13CCH4 range of −73.4‰ to −64‰, with associated
δDCH4 values between −277‰ and −240‰. This signature
indicates a biogenic source of CH4, with carbonate
reduction being the predominant generation pathway. The
shallow mined boreholes GGA05 and GGA08 have a δ13CCH4

signature of −74.1‰ to −14.3‰ and δDCH4 of −259‰–17.3‰,
with the majority of samples aligning with the biogenic
signature exhibited by borehole GGC01. Samples enriched in

FIGURE 8 | Isotopic depth plots of CH4 and CO2 δ13C values from GGC01, GGA05, and GGA08 boreholes; with the corresponding borehole
stratigraphy. © Edinburgh University 2022.
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13C and 2H are found between depths of 63–79 m and may
highlight CH4 oxidation in proximity to the Glasgow Ell coal
mine workings (Figure 8). Initial data from this study indicate
that associated CO2 gas has an enriched 13C signature relative
to the CH4 present. δ13CCO2 values for GGC01 range between
−12.7‰ and −6.1‰, with samples from GGA05 and GGA08
boreholes having a more depleted δ13CCO2 signature of −29‰
to −10‰. CO2 gas signatures become progressively depleted in
13C at shallower depths (above 90 m) as observed in boreholes
GGA05 and GGA08 (Figure 8). The values recorded from the
superficial deposits are the most depleted in 13C, and the
unmined bedrock samples from GGC01 are the most
enriched in 13C. This trend can be attributed to the
increasing influence of shallow groundwaters that contain a
mix of dissolved marine carbonate minerals (~0‰) and soil
gas CO2 (−26‰) as depth decreases.

In comparison to δ13CCO2, δ13CCH4 values exhibit no
consistent variation with depth, with a notable zone of
enriched δ13CCH4 occurring between 63 and 79 m (Figure 8).
On-going work is aimed at fully resolving the gas generation
pathways and enabling greater understanding of the mixing of

gas sources within the Glasgow Observatory site, along with
integration with microbiological analysis to identify the
bacteria and conditions responsible for gas generation.

Oxygen, Hydrogen and Sulphur Isotopes
A variety of water samples (including borehole/return waters
during drilling, from test pumping and surface waters), and
subsamples of rock specimens from coring and drill cuttings
were collected for the isotopic analyses of water molecules
(δ2H and δ18O), sulphides (δ34S) and dissolved sulphate (δ34S)
to determine the origins and behaviour of the waters, the
source of sulphur (S) and to assess variability in isotopic
composition across the Glasgow Observatory (Table 1,
SUERC analyses). Details of the stable isotope analytical
methods applied are given in Burnside et al. (2016a).

In line with previous studies across Europe and the data
from pumping tests (Burnside et al., 2016a; Burnside et al.,
2016b; Janson et al., 2016; Loredo et al., 2017), the δ18OH2O and
δ2HH2O results during drilling and pump testing infer that mine
water is dominated by recent meteoric recharge (Figure 9). The
average value of surface waters measured during the drilling
phase (δ18O of −7.7‰, and δ2H of −49‰) is directly coincident
with the average of waters from the pump tests, δ18O of −7.6‰,
and δ2H of −49‰. Pump test samples also fall within the local
seasonal meteoric range (average δ18O of −7.6 ± 0.5‰, and δ2H
of −49 ± 1‰; n = 15) and demonstrate no pump-related system
perturbance with respect to δ18OH2O and δ2HH2O isotopes
(Figure 9).

Reconnaissance analyses of sulphides and sulphates have
been measured for the first-drilled, cored GGC01 observation
borehole (which encountered intact, non-worked coal seams).
It was previously assumed that δ34SSO4 in mine waters reflects
oxidation of parent sulphide minerals in coals (Banks et al.,
2020), although recent work suggests more complex origins
are likely, as revealed by highly variable and elevated δ34SSO4
values within mine water bodies (Burnside et al., 2016a;
Burnside et al., 2016b; Janson et al., 2016). Establishing the
cause(s) of δ34SSO4 variability within flooded mines would
provide new insight into the hydrogeological behaviour of
such systems (not revealed by more standard measures,
such as δ18OH2O, δ2HH2O and hydrochemistry), possibly
enabling better assessment of hydraulic connectivity and
resource volume accessibility prior to and during pumped
extraction. Sulphate in water samples of the non-mined
borehole GGC01, taken from either the borehole prior to
daily drilling activity or the return fluid settlement tank,
returned δ34S values between −2.3 and 3.5‰ (n = 8; �x =
0.3‰), within the δ34S range (−26.3 to 18.4‰; �x = +2.7 ±
9.5‰) measured for East Ayrshire pyrite of similar age
(Bullock et al., 2018). These pilot data suggests that δ34SSO4
from groundwater associated with non-mined coal seams
results from oxidation of sulphide minerals. This may be
biologically or abiologically mediated, and typically occurs
with limited isotopic fractionation between parent sulphide
and product sulphate (Banks et al., 2020). In contrast, a
single value from water taken from a pump test on GGA05
at the level of the Glasgow Main seam was measured at

FIGURE 9 | Average δ18OH2O and δ2HH2O results from during
borehole drilling and pump tests across seven boreholes, surface
waters and Glasgow rain waters as measured at SUERC. These
latter data consist of 38 consecutive monthly samples
collected from the roof of the Rankine Building, University of
Glasgow [NS 57111 66792]). ©SUERC/University of Glasgow and
Strathclyde University 2022.
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+20.1‰: a value which coincides with the increasingly
common, isotopically heavy end-member found in
abandoned coal mine waters in the Carboniferous coalfields
of the UK, and further afield (Burnside et al., 2016a; Banks et al.,
2020).

Further S isotopic analyses will be required to establish
sulphide baseline values for each of the worked seams; and to
characterise the δ34SSO4 of pump-test waters to explore any
lateral and/or depth variation in values, to provide a more
comprehensive understanding of time zero in this mine
water system. This will allow an assessment of
compartmentalisation and its potential utility in assessing
evolutionary trends during geoenergy extraction. Added
value will arise from combining the S isotope data with the
gas analyses and microbial analyses to assess the microbial
impacts on the system.

Geomicrobiology
Microbes inhabit subsurface environments of temperatures
below ~120°C, and microbial metabolisms mediate the
biogeochemical cycling of nearly all nutrients and trace
metals either directly (e.g., via redox transformations) or
indirectly (e.g., via influencing their adsorption/desorption on
minerals or organic matter) (Banfield and Nealson, 1997;
Chapelle, 2000; Ehrlich et al., 2002). The Glasgow mine
water geothermal system comprises coal seams and
mudstone horizons of the Coal Measures. Both coal and
mudstone contain pyrite; microbial oxidation of pyrite
generates acidity and ochre, and solubilises metals.
Microbial respiration and fermentation of organic
compounds leached from geological substrates forms CO2

and CH4 gases (Chapelle, 2000). Not only do these microbial
products pose environmental hazards, they alsomay adversely
impact on the operation of a mine water geothermal system.

A review of published literature found that changing
groundwater flow conditions and temperatures may
stimulate biofilm formation, which can clog pores and
pipework, although most of our knowledge on biofilm
formation comes from laboratory experiments, or studies of
engineered environments such as drinking water systems
(Clitherow, 2021). Studies of five natural surface waters all
found that biofilm formation increased at low flow velocities
(0.01–30 cm s−1); this trend was also observed in four studies
of geothermal heat exchangers where biofilm formation was
favoured in stagnant conditions created during plant downtime
(Clitherow, 2021). Growth of microorganisms in thermal water
systems has caused issues with reinjection to ground or
corrosion of pumping equipment (Lerm et al., 2013;
Wördemann et al., 2014; Osvald et al., 2017). Thermophilic
bacteria have been found to contribute to bioclogging of above
ground infrastructure at geothermal plants (Kim and Lee,
2019). Increased temperatures above 15 °C caused
increased growth of heterotrophic bacteria biofilms in a
geothermal heat pump (Smith and Liu, 2018). Studies of
natural surface environments and geothermal energy
systems all found increased carbon availability promotes
biofilm formation, microbiological activity and diversity

(Clitherow, 2021). There is a gap in our knowledge regarding
how biofilms form in the subsurface; do these trends observed
in the surficial and engineered systems apply to subsurface
environments? Are they likely to have a significant effect on the
operation of mine water geothermal systems? It is imperative
that we understand the microbial community abundance,
composition, and activity and how these factors might
change as a result of fluctuating groundwater flow,
temperature and geochemistry that are likely to occur during
mine water system operation.

To investigate the microbial communities in baseline mine
water groundwaters, 1 L samples were filtered at 0.22 and
0.1 µm and DNA was extracted (PowerWater kit, Qiagen). DNA
yield was not detectable (Qbit assay). Following a polymerase
chain reaction to amplify the marker gene for bacteria and
archaea (16S rRNA amplicon), faint bands were visible using
gel electrophoresis, indicating that thesemicroorganismswere
present in very small quantities in groundwater samples
collected during drilling and pump testing. Indeed, after
storage of the during drilling samples at 4°C for
approximately 3 months, ochre flocs formed and Gram
staining showed that microorganisms were present,
suggesting that microbial growth occurred during storage
conditions. Subsequent work will involve filtering larger
volumes of fluid to yield greater quantities of DNA suitable
for sequencing, as well as implementation of specialised DNA
recovery protocols developed for low biomass-type samples.
The results will be integrated with isotope geochemistry to
identify microorganisms potentially responsible for producing
CH4 measured at the site. Multivariate statistical analyses will
be performed to test for correlation amongst phylogenetic and
geochemical datasets; e.g., clustering of certain microbial DNA
sequences may indicate greater abundance associated with
certain geochemical conditions, organic matter source
availability, groundwater flow rates or other environmental
spatiotemporal variables.

WIDER ENVIRONMENTAL BASELINE (PRE-,
DURING, AND POST-DRILL)

Former coalfield areas can suffer from a range of mining
legacy environmental impacts (subsidence, rising mine
water and discharges, mine gas movement) and other types
of geothermal technology interventions have been related to
felt seismicity (e.g., Deichmann and Giardini, 2009). Monitoring
infrastructure and surveys at the Glasgow Observatory has
allowed the collection of relevant data required to assess these
potential impacts.

Ground Gas
Ground (soil) gas measurement is an important tool for
monitoring landfill and geoenergy activities, since sensitive
measurements of key gases can be made directly, and
visibly, within the biosphere in which we live. However, it
has not previously been applied to shallow geothermal/mine
water heat (Smith et al., 2021). Desorption of gas from coal and
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thus mine gas production and migration are significantly
lowered within flooded mine systems (Appleton et al., 1995;
Appleton, 2011; The Coal Authority et al., 2019), such as the
flooded mine system at the Glasgow Observatory.
Nevertheless, as part of a broad environmental monitoring
effort, three ground gas baseline surveys were undertaken at
the Glasgow Observatory to establish whether gases
originating in the mine workings or from the complex
overlying made ground, that might be cause for concern,
could be measured in the near surface environment. Field
measurements of CO2 and CH4 flux at the soil-atmosphere
interface, and ground gas concentrations of CO2, CH4, H2, H2S,
O2 and a proxy for N2 were taken across 20 m-spaced sampling
grids, using established portable soil gas and gas fluxmethods
i.e., hollow steel probes positioned to access gas at <70 cm bgl
with end of pipe gas meters/sampling, and portable
accumulation chamber flux [see Beaubien et al. (2013) for
more details]. A small number of ground gas samples were
also collected at <1 m below ground level for 13C/12C ratio
determination in CO2 (Barkwith et al., 2020). Given the known
complexity of the subsurface in this area, it is unlikely that the
20 m grid approach would detect all gas migration pathways
connecting to the surface, especially if surface manifestation
is highly discrete. Legacy boreholes are present but were not
specifically targeted. However, survey grids were designed to
encompass a mapped bedrock fault and there are no known
shafts or adits to take account of. Tying survey data into wider
temporal and spatial data is beyond the current scope, but is
planned for further work.

Based on typicalmine gas compositions of percentage-level
concentrations of CH4 and CO2 with deficient O2 (Appleton
et al., 1995), no evidence was found to suggest ground gas was
unduly impacted by gas migrating from the workings. In detail,
ground gas CH4 concentrations were comparable to
atmospheric gas (<3 ppm by volume) and CH4 flux was
typically below detection limits. CO2 flux (Figure 10A) was
consistent with uncontaminated rural (Ward et al., 2019) and
other UK sites surveyed by BGS, however isolated points with
moderate ground gas CO2 concentrations (10–20% by volume)
were inconsistent across surveys. Stoichiometric CO2:O2

relationships (Figures 10C–E) indicated a mixed natural
origin of photosynthetic production, and microbial oxidation
of CH4 to CO2 (Romanak et al., 2012); this is also supported by
the limited number of available stable carbon isotope ratios,
i.e., typically between–23.59 and–26.31 δ13CV- PDB, but with an
isolated, unexplained enriched δ13C value of −16.76 at sample
GG01-038 in May 2019 (data in Barkwith et al., 2020;
interpretation based on Flude et al., 2017; Figure 10B).
Isolated moderate values of H2 and H2S (<65 ppm and
<38 ppm, respectively) were well below any potential
explosion risk and since concentrations and compositions
of CO2, CH4 and O2 in ground gas did not suggest a strong
influence from mine gas, it is unlikely that H2 and H2S
originated from mine gas either.

As a first attempt to apply established ground gas
techniques to shallow geothermal/mine water heat in a
complex post-industrial setting, valuable pre-operational data

and a spatial context for future continuous (temporal) ground
gas monitoring has been produced. The longer-term intention
is to tie survey data into existing continuous soil gas
monitoring and planned atmospheric monitoring to better
account for diurnal and seasonal variability, and to interpret
findings in the context of complimentary characterisation of
the deeper subsurface (permeability, gas/fluid flow pathways)
and monitoring of the surface environment, which would
progress our ability to monitor for gases in a complex urban
setting. The data reported in this paper provide a baseline
against which future perturbations can be assessed. There is a
clear need for geoenergy environmental monitoring techniques
that take us beyond locating and quantifying, to enabling
ground gas origins to be reliably attributed. This may be by
studying isotopic characteristics from the near surface
through a range of depths as detailed in borehole samples
above, or the deployment of rapidmulti-parameter screening at
the surface.

Soil Chemistry
Soil geochemistry plays an essential role in environmental
protection. Soil is sensitive to, and is a potential reservoir of,
environmental pollution, particularly in urban areas and in
relation to industrial activity (e.g., Fordyce et al., 2005;
Broadway et al., 2010; Johnson et al., 2011; Alloway, 2013;
Kim et al., 2019). The Glasgow Observatory soil chemistry
dataset provides a necessary understanding of the soil
quality and ground conditions to help satisfy regulatory
requirements for the infrastructure installation, and to
provide public reassurance. The premise is that
development of a mine water geothermal facility should not
instigate any material change in surface conditions. However,
because a history of diverse human and industrial activities,
including coal mining, has affected the subsurface at the
Observatory sites, and due to the potential for changes in
subsurface fluid flow to alter near-surface flow and soil
saturation regimes and hence, soil chemistry, the soil
geochemistry survey was essential to permit post-
development monitoring of the near-surface environment
and interactions with the subsurface. It is also intended to
serve as an exemplar for similar schemes.

Topsoil sampling (0–20 cm depth) was carried out in
February-March 2018 at the seven initially proposed
Observatory borehole sites (boreholes were actually
installed at five of these sites), and at two control sites
with semi-natural soil in Glasgow Green and Tollcross Park
(90 samples in total: Figure 2). The sampling and analytical
methods followed those used in previous BGS soil surveys
of Glasgow (Fordyce et al., 2012; Fordyce et al., 2017;
Fordyce et al., 2019), and a related study of organic
pollutants (Kim et al., 2019), to permit direct comparisons
with existing BGS soil chemistry datasets. The methodology
is summarised in Table 1 and results in Supplementary
Table S3; after Fordyce F. M. et al. (2020).

The results show that topsoil from the Observatory sites
generally contains higher inorganic and organic pollutant
concentrations, is more alkaline, and contains greater
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concentrations of calcium, iron and magnesium (which
commonly relate to building waste) than semi-natural
topsoil collected from the two control sites in Glasgow
Green and Tollcross Park. The maximum concentrations of
the pollutants cadmium, TPH, the naphthalene and
dibenzofuran PAH compounds, ∑7PCB [the sum of seven
selected PCB congeners; see Kim et al. (2019)] and ∑tri-
hepta PCB compounds reported at the Observatory sites
exceed those in the city-wide BGS Glasgow topsoil datasets.
These findings are deemed a consequence of historic land use
at the Glasgow Observatory sites, all of which are situated on
areas of extensive made ground that contains building rubble,
domestic rubbish and/or colliery waste. Soil quality at the sites
has demonstrably been polluted by the presence of these
materials in the soil.

However, comparisons with current generic soil guideline
values for assessing land contamination (see
Supplementary Table S3; VROM, 2009; DEFRA, 2014;
Nathanail et al., 2015) indicate that in general, land at the
Observatory sites would not be classed as contaminated,
with reference to guidelines for recreational open space.
Although two soil samples collected outside the publicly
accessible area at site 5 exceed the guideline value for lead
(1300 mg/kg), further investigation is needed to determine if

there is a source-pathway-receptor linkage. Hexavalent
chromium [Cr(VI)] was measured because a history of
disposal of chromite ore processing residue (COPR)
elsewhere in the east of Glasgow has resulted in
contamination of soil and surface/ground water with
Cr(VI) (e.g., Broadway et al., 2010; Palumbo-Roe et al.,
2017). There is no evidence of COPR waste in the topsoil
samples collected from the Observatory sites; Cr(VI)
concentrations in the soil were generally <10 mg/kg.
Although 28 mg/kg was measured for one sample at site
6b, this is attributed to paint fragments present in the
sample and this site was not developed for the Observatory.

Ground Motion
Before undertaking operations in the subsurface it is important
to establish baseline for natural and anthropogenic ground
motions (Novellino et al., 2021). This baseline acts as a
benchmark for operational phases to provide reassurance
that subsurface activities are not negatively impacting the
stability of the surface (Jordan et al., 2019). In and around
the Glasgow Observatory, the ground motion analysis is based
on the interpretation of Interferometric Synthetic Aperture
Radar (InSAR) satellite data acquired from the ERS satellite
for 1995–2001, from ENVISAT satellite for 2002–2010 and

FIGURE 10 | (A) Box and whisker plots of CO2 flux for three ground gas surveys at the Glasgow Observatory, all sites; (B) Spatial distribution
of stable carbon isotopes in ground gas CO2 collected at <1 m below ground level; (C–E) Binary plots of ground gas O2 concentration as a
function of CO2 for August 2018, May 2019 and October 2019 surveys respectively with process attribution after Romanak et al., 2012. Adapted
from Smith et al. (2021 Figures 7, 11, 14) ©Crown Copyright (2021), with permission from Elsevier.
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from Sentinel-1 satellite for 2015–2017. To ensure the
optimum resolution and density of InSAR measurement
points, two InSAR processing algorithms were applied to the
input satellite radar imagery:

(1) Intermittent Small Baseline and Subset (ISBAS), a patent
pending algorithm developed by ©Geomatic Ventures
Limited and whose IP belongs to the University of
Nottingham—United Kingdom (Sowter et al., 2013;
Bateson et al., 2015).

(2) SqueeSAR™, the proprietary multi-interferogram technique
patented by TRE ALTAMIRA (Ferretti et al., 2011).

For a comparison of these methods, as applied to Glasgow,
see Sadeghi et al. (2021).

The InSAR baseline analysis has revealed notable small
areas of ground motion over the wider Glasgow area. These
appear to relate to both natural (volume change of peat
deposits, compressible ground) and anthropogenic (settling
of made ground and landfill) factors (Figure 11A). No evidence
was found for ground motions relating to the coal mining
history of this area (Bateson and Novellino, 2019). For
example, we do not see the regional patterns of uplift and
subsidence that has been observed in InSAR results for other
UK former coal mining areas on cessation of pumping and with
mine water rebound (e.g., Gee et al., 2017; Gee et al., 2020).
This is likely to be due to the age of mining, which stopped in
the late 19th and early 20th century in urban parts of Glasgow,
therefore such motions will have occurred prior to the
availability of the SAR data. At the local scale, the
Observatory sites show overall stability, small areas west of
Cuningar Loop show minor amounts of subsidence, with rates
of ~5 mm/yr for 2015–2017 (Bateson and Novellino, 2019;
Figure 11B). This motion is interpreted to relate to settling of
relatively thick superficial and anthropogenic deposits, which
were built upon for the development associated with the 2014
Commonwealth Games.

This characterisation of the ground motion in the Glasgow
area for the last 3 decades forms the baseline to monitor any
potential effects of the planned geothermal research activities.
Further InSAR investigations with the Sentinel-1 constellation
are planned to be conducted once the abstraction and re-
injection of mine water starts. Active and passive radar
corner reflectors were installed in the Cuningar Loop in June
2021 at Site 1 and Site 5. These will facilitate the calibration of
the SAR imagery and increase the radar backscattered signal
which will guarantee more accurate and precise InSAR
measurements directly above subsurface operations
(Figures 11C,D).

Seismic Monitoring
Seismic monitoring is in place to detect and locate any felt
seismicity near to the Glasgow Observatory. Although planned
activities are not expected to cause seismicity, it was
considered desirable to have monitoring in place, if only to
reassure the public that coincidental vibrations are not
earthquakes induced by the research activities. Seismic

monitoring in cities is well known to be problematic, due to
the level of environmental noise being typically extremely high.
Using boreholes greatly increases the signal-to-noise ratio in
such cases, but such boreholes are expensive and require
surface infrastructure. The solution utilised here was to
install 5 seismometers in a single 200 m borehole
approximately 2 km from the Observatory site at Cuningar
Loop. Data from this array is openly available to view and
download via ukgeos.ac.uk. It was incorporated into the work
of Lecocq et al., 2020 that characterised global quietening of
seismic noise during the first Covid pandemic lockdown
(March-May 2020).

Functioning as a single station, the Observatory array, in
combination with other stations of the UK National Seismic
Network, ensures that any earthquake near the site will be
detected down to a magnitude slightly less than 2. However,
smaller earthquakes than this can be felt (Thouvenot and
Thouvenot and Bouchon, 2008), and a novel detection
algorithm has been developed and implemented to utilise
the five sensors in the vertical array (Luckett, 2021). This
works using the principle that seismic waves from an
earthquake will arrive at the bottom seismometer first. A
magnitude 0.5 ML earthquake occurred only 30 km from the
Observatory soon after installation, allowing the new algorithm
to be tested. Figure 12 shows the arrivals at the five
seismometers with the bottom seismometer at the top.
Once detected, the signal from a small earthquake can be
looked for on the nearest seismometers of the National
Network and a location determination carried out. If there is
nothing on any other seismometer then a single station
location can be completed using only the borehole data
(e.g., Frohlich and Pulliam, 1999).

SYNTHESIS AND DISCUSSION

Conceptual Hydrogeological Model
The multidisciplinary approach adopted to data collection and
analysis from drilling, testing and sampling have contributed to
the development of a conceptual hydrogeological model of the
top 90 m of the subsurface at the Glasgow Observatory site.
This understanding is critical for geothermal activities that
involve abstraction and re-injection of groundwater. The
groundwater system at Cuningar Loop, Glasgow has been
highly modified, with the lithologically-variable bedrock being
affected by faulting and glaciation before modifications in the
last few centuries due to mining and urbanisation (see
hydrogeology section above). The site is also located next
to the River Clyde, one of Scotland’s largest rivers (see surface
water section above).

Groundwater flow in this shallow system is dominated by
the abandoned, flooded mine workings (Figure 13). Both the
aquifer testing and thewater chemistry analysis indicate that in
its relatively undisturbed state, flow is predominately laterally
through individual mine workings; likely in a combination of
flow through voids and waste in the workings, and fractures in
the surrounding rock. There may be some interaction with
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intergranular storage in adjacent sandstones. Individualminewater
boreholes can yield high flows of >20 L/s with temperatures in the
mine workings of 11.5–12.5°C. There is evidence that individual
mineworkings are connected–possibly throughmine shafts, stone
roadways or faults, and that pumping in one mine working effects
some changes in another. The sandstone immediately above the
Glasgow Upper mine workings is strongly connected to the mine
workings with both the aquifer properties and strength of
connectivity interpreted to be modified by fractures induced by
mining activity (Figure 13). The 5-h pumping tests conducted thus
far do not provide evidence for groundwater in the shallow
superficial deposits, above the Paisley Clay Member, being
directly connected to the bedrock aquifers, though this may be
a consequence of the pumping rate and test duration.However, the
upward flow of groundwater as inferred by the gradient in
piezometric heads, and the high levels of mineralisation in
groundwater of the superficial deposits are consistent with
discharge to the superficial deposits, possibly indirectly through
vertical mine shafts and associated drainage conduits. Highly
mineralised groundwater can also occur in Glasgow due to the

presence of made ground including mine waste infill (Ó
Dochartaigh et al., 2019), so further research is required to
confidently attribute the observed elevated levels of
groundwater mineralisation in shallow superficial deposits to
mine water discharge.

The stable isotopes and residence time indicators suggest that
the mean residence time of the groundwater in the system is
50–70 years (Palumbo-Roe et al., 2021), and that locally the
system is not strongly connected with the atmosphere.
Groundwater recharge is likely to be occurring within a few
kilometres of the site, with groundwater storage in the bedrock
and mine workings, and the high transmissivity of voids, backfilled
waste and partially collapsed mine workings providing rapid
transport. The residence time indicators suggest that the
youngest groundwater may be found in the deeper mine
workings, which would be consistent with this being a discharge
area and general upward flow.

The deeper Glasgow Main mine working has higher
transmissivity than the shallower Glasgow Upper mine working.
This likely reflects a larger proportion of open void space remaining

FIGURE 11 | TRE ALTAMIRA SqueeSAR™ Sentinel 1 average vertical motions for (2015–2017) over Glasgow area (A) and Cuningar Loop
portion of the Glasgow Observatory (B). Median of the backscattered signal (σ0) for the ascending Sentinel-1 acquisitions in July 2021
highlighting the impact of the active and passive reflectors installed (C). Time series for the backscattering coefficient (σ0) over the passive and
active reflectors along the ascending Sentinel-1 acquisitions (D). Contains processed Copernicus Sentinel-1 data [2015–2017, 2021].
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in the lower workings, possibly relating to the type and age of
mining, lesser amount of stowage used and the strong sandstone
roof of the mine working. Analysis of pumping tests and
groundwater chemistry results from different boreholes within
the individual mine workings gave similar results, despite being
several hundred metres apart and (for the Glasgow Upper)
encountering three different materials: coal pillar, mine waste
and a void. This illustrates how the effects of localised
heterogeneity in the hydraulic properties of the mine workings
are averaged out as the cone of depression extends and integrates
the variable properties of the mines. The local hydraulic
conductivity significantly impacts drawdown in individual
boreholes in the Glasgow Upper mine working.

The initial conceptualmodel (Figure 13) indicates that this site is
typical ofmany shallowmineworkings inScotland. Flow in themine
workings is considerable, recharge relatively local and groundwater
chemistry moderately mineralised with elevated iron, manganese
and alkalinity. Groundwater temperature is slightly elevated above
Scottish averages (MacDonald et al., 2017), attributed to the local
geothermal gradient which has been impacted by the mining and
also the industry and urbanisation (Watson and Westaway, 2020).
Flow rates from initial test pumping and borehole spacings are
representative of those of a small scale mine water heat scheme
[when compared to larger schemes at Heerlen, Netherlands
(Verhoeven et al., 2014) or Gateshead, United Kingdom (Steven,

2021)]. As such, the site can be regarded as representative to
undertake further geoenergy-related research which aims to
examine typical shallow coal mined environments in
Carboniferous strata of the United Kingdom.

Initial Integration
Themotivation for the site operator (BGS) to establish a baseline of
ongoing environmental change prior to geothermal research
commencing included environmental protection, public concerns
and characterisation for future research users (Monaghan et al.,
2018). Soil chemistry data highlights the variable quality of the
made (artificial) ground; ground gas surveys indicate dominance of
photosynthetic andmicrobial oxidation processesmeasured in the
top few metres (as opposed to bedrock gas signatures that were
measured as peaking around coals and mine workings) and
surface water chemistry is dominated by seasonal and rainfall
variations. How the relatively recent groundwater dominated by
flow in the mine workings interacts with shallower groundwater
and surface water, superficial deposits and soils remains to be
further assessed once temporal groundwater data is available.

Multidisciplinary, explorative studies from the “during drilling”
sampling programme have brought together a geochemical and
microbiological toolbox that sheds light oncoupled reactions in this
complex subsurface system. For example, CH4 and CO2 isotopic
data on exsolved bedrock gases is indicative of both oxidation

FIGURE 12 | Acceleration time series on the vertical components of the 5 seismometers in borehole GGC01 of the Glasgow Observatory for
the Barnacarry earthquake on 12th October 2019. Filtered between 1.25 and 45 Hz. The bottom seismometer is at the top of the plot.
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processes and biogenic processes in the subsurface, as well as
signatures that are characteristic of particular horizons (Figures 8,
13). Sulphur isotopic data contrasts between unmined and mined
boreholes and accords with signatures observed in other mined
systems. However, the causal processes and their linkage, such as
biogenic and chemical redox reactions and groundwater sources
remains to be fully investigated. In addition, during drilling samples
have recorded the mobilisation of organic carbon, which may
further impact on microbial growth and may affect subsurface
C, Fe and S biogeochemical cycling (Figure 13).

Moving on From the Time-Zero Baseline to
Applications for Shallow Geothermal Energy
The integration of geochemical, hydrogeological and
microbiological characterisation and monitoring techniques at-
scale in a real, complex urban system and during drilling and
testing of boreholes for geothermal energy, has provided

insights into process understanding of coupled rock-water-gas
systems. Moving forward to development of other geothermal
sites or geothermal operations, the time zero data and
techniques could contribute in three main areas towards
reducing costs and risks for the exploration, development and
operations of mine water heat schemes.

Planning and Construction Risks: Accessing the Heat
Resource and Resource Sustainability
Borehole drilling costs and risk on the accessible size,
interconnectivity and sustainability of the water and heat
resource are challenges for mine water heat projects (NELEP,
2021; Townsend et al., 2021; Walls et al., 2021). At a technical
level, identifying and correlating mine workings and understanding
how the mine water reservoir is connected can be complex to
unravel; yet critical to the size and sustainability of the resource.
Hydrogeological pumping tests with monitoring of observation
boreholes are essential. In addition, we have highlighted a suite

FIGURE 13 | Summary conceptual hydrogeological model of mined Coal Measures in the vicinity of the Glasgow Observatory with
representative features shown. Blue arrows indicate groundwater flow. Mine workings are water filled, grey within mine workings is mining
waste, black is intact coal. In purple annotation, examples of techniques and processes identified during time-zero characterisation that may be
impacted by heat and flow cycling due to geothermal operations.
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of geochemical techniques that have potential as a toolbox of
“fingerprinting” techniques during drilling and exploration. These
could inform the resource connectivity at relatively lowcost andact
as “tracers” both constraining the heat resource and beginning the
characterisation of natural and induced groundwater flow. Three
examples of novel monitoring approaches include:

1) Depth-dependent isotopic gas fingerprints in a mined
succession (Figure 8) and different, distinctive ground
gas isotopic compositions. For example, whether specific
coal seams and/or mine workings have distinctive gas
signatures that can be elucidated within the complexity
of sources, pathways and receptors in a flooded, faulted
andmined subsurface. Once pumping, heat abstraction and
re-injection commence these distinctive signatures may be
used to evaluate any induced changes in the subsurface.

2) Isotopic O, H and C signatures provide information on the
meteoric water recharge into the groundwater. However,
δ34SSO4 behaves differently and provides new insight into
the hydrogeological behaviour, redox state, ultimately
enabling better assessment of hydraulic connectivity
(Figure 13) and resource volume accessibility prior to
pumped extraction.

3) DOM profiles of water leachates have potential applications
for during-drilling diagnostic characterisation of circulating
drilling waters for correlation and characterisation of key
horizon and reservoir intervals (Figure 7).

Geomicrobiological characterisation may also prove
valuable for “fingerprinting” mine workings and surrounding
aquifers, once methodological challenges for low biomass
samples have been overcome.

Minimising Operational Costs and Risks: Understanding
Biogeochemical Systems and Induced Changes
Economic margins for mine water heat schemes can be
challenging and there is not an evolved supply chain for
maintenance (Optimat, 2019; NELEP, 2021; Walls et al., 2021),
so minimising operational costs and risks are of particular
importance. Scaling and clogging of mine water systems and
corrosion of geothermal infrastructure are well documented
(Banks, 2009; Walls et al., 2021). There are a set of research
challenges to better understand, mitigate and treat the impacts
of hydrogeological, thermal perturbations, and induced chemical
and microbiological changes in a mined subsurface on
operational infrastructure. The time zero datasets presented
in this paper give the baseline from which to monitor induced
changes such as coupling of C, Fe and S reactions, evolving
redox states and microbial mediation of biogeochemical
reactions. For example, do changes in heat and flow
associated with geothermal operations enhance organic
leachates, geomicrobial activity and biofilms and/or gas
production (Figure 13), and does that in turn cause oxidation
of pyrite? It may be possible to develop biogeochemical and
environmental quality indicator parameters to warn if adverse
processes take hold, and to design mitigation measures.

Environmental Impact: Monitoring, Prediction,
Mitigation
The vulnerability of the surface and shallow subsurface water
chemistry regime to flow and heat perturbations associated with
mine geothermal energy use is not currently well understood. For
example, changes in flow paths, chemical changes and pollutant
migrationmay impactwater quality. In highly populatedurbanareas,
social approval is a key challenge and, together with regulation, can
be underpinned by robust environmental and geoscientific data.

The current work describes an exceptionally characterised real-
world mined, urban system, poised to measure induced changes
from geothermal activities. The high spatial and temporal
resolution baseline datasets presented begin to reveal the
complexity of the groundwater and surface water chemistry, the
subsurface oxidation-reduction and biological processes that
influence gas and isotopic signatures in rocks and soils. Further
analysis of this time zero data will inform key monitoring
parameters, predicted (and subsequently measured) effects
under repeated heat and flow cycling of geothermal operations.
Integration of water, gas, rock datasets will inform risk mitigation
at vulnerable locations and mitigate against a disproportionately
cautious approach at other locations. For example, monitoring of
water chemistry for sulphates and sulphides, dissolved organic
carbon and a range of C, H, O, S isotopes as well as standard
inorganic elements and ions appears to be particularly important.
Should this prove to be the case, new analytical monitoring
technologies may follow to improve practicality and affordability.

CONCLUSION

Diverse time zero environmental monitoring and geochemistry
datasets collected before, during and after borehole drilling and
testing at a mine water geothermal research observatory in
Glasgow, UK are providing unprecedented insights into coupled
rock-water-gas-microbiological interactions, and their significance
for mine water thermal resource development.

Initial assessment of rock organic carbon mobility, water and
gas isotopic characterisation and geomicrobiology studies
highlight distinctive isotopic, organic carbon and gas chemical
signatures varying with depth in the subsurface and between
boreholes. Biogeochemical interactions of S, C and Fe appear
particularly important, possibly with microbially-mediated mineral
oxidation/reduction reactions.

Time zero environmental characterisation has greatly increased
the evidence base within an urban and formerly industrialised
setting at the UK Geoenergy Observatory in Glasgow, before
geothermal research commences. Groundwater and aquifer
properties appear to be typical of mined Carboniferous strata
and of urban superficial deposits; complex subsurface flow types
and pathways are envisaged. While strong seasonal trends in
surface water chemistry are apparent, there are no indications of
changes associated with the Observatory construction, though
further work is needed to investigate the interaction between
deeper groundwater with upwards piezometric head and surface
waters. Topsoil from Observatory sites generally contains higher
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inorganic and organic pollutant concentrations than city-wide
datasets but principally remains below levels classed as
contaminated for recreational open space. Ground gas does not
appear to be impacted by gas migration from the mine workings,
and provides an essential baseline to identify if such gas migration
occurs in the future. InSAR groundmotion data indicates stability in
the vicinity of the Observatory boreholes but gradual subsidence
nearby, and seismic monitoring has enhanced the resolution of the
national network in the urban area.

Open data and scientific understanding form the core of social
approval, with public concerns likely to be heightened in urban
settings close to homes and businesses. Geoscientists
increasingly are aware of their role in the whole energy chain
and this work forms an unusual example of integrative
multidisciplinary working. Together we have presented potential
for a novel toolbox of biogeochemical and geoscientificmonitoring
techniques that could be transferable to key research challenges in
earth systemscience for shallow geothermal technologies, namely
1) planning and construction resource risks where chemical and
isotopic tracers can be used for characterisation and connectivity
2) operational maintenance and resource sustainability with better
understanding of processes induced by heat and flow cycling such
as potential for biofilms 3) regulation and monitoring of
environmental impacts at heterogeneous sites. By increasing
the evidence base, developing new, potentially lower-cost
techniques, and informing the design of fit-for-purpose
monitoring approaches, this could form part of the cost and risk
reduction necessary for mine water heat and heat storage to form
an important component in decarbonising heating of our buildings
towards Net Zero greenhouse gas emissions.
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