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Summary

The purpose of this report is to give an overview of the planned research infrastructure and
proposed data acquisition at the Glasgow Geothermal Energy Research Field Site. The report
also gives a brief overview of the geological characterisation and environmental baseline at the
site.

It summarises the state of play at March 2019, is subject to change and will be updated.

Please note that in the information below, all designs, infrastructure, kit, data to be
collected etc. are subject to change until built.

Foreword

This report provides an overview of the planned geological characterisation, research
infrastructure and data acquisition at the Glasgow Geothermal Energy Research Field Site. The
report is intended for a technical, science community audience.

The design of the infrastructure is based on the UK Geoenergy Observatories’ Science Plan,
which was generated following science community consultation. As with all drilling projects, the
realities of what can be achieved in the context of geological constraints, health and safety, and
budget have meant that the final design is necessarily a compromise.

As the site is developed, this document will be updated to reflect the actual built infrastructure
and any changes to the planned design. Researchers are requested to refer to the following
website to check that they are using the latest version of this document www.ukgeos.ac.uk and
to refer to this in their published outputs.

Data generated during the construction and operation of the Glasgow Geoenergy Observatory
will be made freely available via an online platform, which is currently in development.

Professor David Manning
NERC Senior Science User, UK Geoenergy Observatories
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1 Project overview

1.1 OVERVIEW

The UK Geoenergy Observatories (UKGEOS) project aims to establish new centres for world-
leading research into the subsurface environment. The knowledge generated will contribute to
the responsible development of new energy and subsurface technologies both in the UK and
internationally.

The project follows the Government's 2014 announcement that it would allocate £31 million to
create world-class, subsurface energy-research test centres. The BGS is responsible for
delivering the research infrastructure and will operate the facilities on behalf of the research
community over their 15-year lifetime.

The Science Plan, developed through a consultation process, ensures that UKGEOS provides
for the current and future needs of the scientific user community. The research field sites will
allow independent, rigorous and replicable observations of subsurface processes and stimulate
research on underground energy technologies that will answer vital questions about how they
affect the environment.

The BGS worked with the wider geoscience community to identify the Clyde Gateway area in
Glasgow and Rutherglen as the preferred site for the Glasgow Geothermal Energy Research
Field Site (GGERFS; Figure 1). The focus of the research infrastructure at this site is very low
enthalpy mine water geothermal and energy storage in an urban area with a complex prior land
use. The area is typical of many towns and cities above abandoned coal mine workings.

The other research field site, described in a separate document (Kingdon et al., 2018), will be in
the Thornton area (Cheshire; subject to planning permission) and will focus on a range of
subsurface energy technologies.

e

Baselifies™

boreholes

= Mirlewaterand baseline
boreheles

s K
Figure 1 View over the Cuningar Loop, looking east towards Glasgow city centre.
Borehole locations (numbered) are indicated by green and purple arrows. Photo
reproduced with permission of Clyde Gateway URC.
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1.2 LOCATION AND SCIENCE POTENTIAL

The Glasgow Geothermal Energy Research Field Site is located in the Clyde Gateway
regeneration area of eastern Glasgow (Glasgow City Council) and Rutherglen (South
Lanarkshire Council; Figure 2). Chosen for its science potential, this location has many benefits
for geoscientists from both research and commercial backgrounds.
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Figure 2 Summary map of proposed borehole locations. Glasgow City Council area is to
the north of the River Clyde and South Lanarkshire Council area is to the south. The
National Grid and other Ordnance Survey data ©Crown Copyright and database rights
2018. Ordnance Survey Licence No. 100021290 EUL.

Man-made deposits (made or artificial ground) As a result of the area’s industrial past, there
is widespread made (artificial) ground cover reaching substantial thicknesses in places (> 10
m). A range of compositions are proved from coal mine waste to housing demolition rubble, with
science challenges around the feasibility of low-temperature geothermal energy in a post-
industrial urban area.

Superficial deposits — Near the surface is a complex sequence of variably permeable
Quaternary sediments that are representative of glacial and post-glacial sediments across
northern parts of the UK. They provide opportunities for research relating to anthropogenic
influences, groundwater flow and transport of substances into the subsurface.

Mined Coal Measures — The Scottish Coal Measures Group is characterised by coal-bearing
fluvio-deltaic sedimentary rocks in cyclical sequences of mudstone, siltstone, seatearth (rootlet-
bearing paleosol), sandstone and coal. Up to seven coal mine workings to depths of a few
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hundred metres are recorded beneath the area, providing a ‘typical’ low enthalpy geothermal
mine water resource to be characterised.

Structural and basin complexity - The Clyde Gateway area has a typical level of faulted and
gently-folded structural complexity for coalfields in Central Scotland (Figure 3, 6). The faulted
character is important in providing opportunities to study fault transmissivity and/or sealing in
the mined and unmined bedrock.

Figure 3 Image of the 7 x 4 km model geological model for the research site, looking
west, model to depth of ¢.300 m. The Scottish Coal Measures Group is represented in the
black to orange colours. Superficial and artificial deposits are shown to scale in blue,
green, red, pink and brown (see Table 1), with UKGEOS borehole locations shown at the
yellow symbols.

Extensive existing data and interpretations — The area is characterised from existing
geological data, including abundant borehole datasets (some with hydrogeological and
engineering data), mine abandonment plans that include fault information, and an existing set of
regional geochemical soil and stream sediment analyses. Legacy 2D seismic data, hydrocarbon
well data and bedrock hydrogeology/hydrogeochemistry/temperature data are available from
similar Carboniferous sequences across Central Scotland. Existing geological and
hydrogeological models at a range of scales form a framework that can be built on over the next
20 years as further data are generated.

1.3 SCOPE OF THE FACILITY

Phase 1 of the Glasgow Geothermal Energy Research Field Site is proposed to cover five sites,
four in the Cuningar Loop area (Sites 01, 02, 03, 05; Figures 2, 9) and one in the Dalmarnock
area (Site 10; Figures 2, 11). Phase 1 characterisation and monitoring boreholes will establish
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the baseline, provide data to inform risks and enable a Phase 2 geothermal and science
infrastructure to be designed and installed.

The Phase 1 boreholes comprise 6 mine water, 5 environmental baseline and a seismic
monitoring borehole of between 9 and 199 m drilled length. These boreholes will be fitted with
sensors that monitor groundwater levels and temperature, dynamic geoelectrical properties and
seismicity within the subsurface. Additional sensors at the ground surface will monitor gas and
ground motion, plus there will be sampling and analysis of groundwater, surface water and soll
geochemistry. Open access data and information will be provided online allowing wide public
observation of Glasgow’s subsurface.

The Phase 1 boreholes will yield a limited amount of rock core and cuttings samples. This will
be made available to the research community for future research after it has been geologically
described, and the core will be scanned with state-of-the-art core scanners to characterise its
physical and geochemical properties (Appendix A).

The Glasgow Geothermal Energy Research Field Site will be open to researchers for field
experiments from 2020. Researchers will have access to the borehole arrays and the
associated instrumentation, as well as having the opportunity to deploy their own equipment.

To facilitate research at the field site, the British Geological Survey will provide the onsite
compounds and at BGS Keyworth facilities will be provided for core viewing and sampling, core
analysis (physical and geochemical) and core scanning. A state of the art UKGEOS online
portal will stream data from the site and also provide a repository for all data and science
understanding generated at the site.

2 Geology

2.1 SITE LOCATION

The Glasgow Geothermal Energy Research Field Site is located on the western side of the
Central Coalfield of the Midland Valley of Scotland. It is located within glacial and post-glacial
Quaternary superficial deposits overlain by a variable thickness of artificial (made) ground.
These deposits rest on approximately 300 m of Scottish Coal Measures Group bedrock.
Underlying this are the older Carboniferous strata of the Clackmannan and Strathclyde groups,
which are hundreds of metres thick. The prior industrial land use has left a legacy of
abandoned, flooded mine workings and a variety of artificial ground forming the current land
surface.

2.2 QUATERNARY GEOLOGY

A complex succession of Quaternary superficial deposits covers the research area, including
widespread glacial till and marine, lacustrine and fluvio-glacial deposits, overlain by fluvial
deposits, recent alluvium and anthropogenic (man-made) deposits.

The Quaternary deposits are of variable thickness, up to 30 m. The upper surface of bedrock is
incised, with thicker accumulations of superficial deposits infilling a broadly NW-SE trending
channel following the modern day River Clyde. There is widespread made, filled and
landscaped ground relating to a variety of prior industrial land use, in some places this is 10-15
m thick. Table 1 summarises the sequence.
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Code Equivalent description on 1: 10, 000 scale published map
Water Unattributed polygons
_ Made Ground, Made Ground and Worked Ground, Infilled
Ground
Peat Peat — blanket or basin peat, Flandrian
Law Sand and Gravel Member Alluvium — modern river floodplains — located along the upper

reaches and tributaries to the River Clyde, Flandrian. Also
includes some Alluvial Fan Deposits, Flandrian and some
River Terrace Deposits, Flandrian.

Gourock Sand Member Marine Deposits — located along the lower reaches of the
River Clyde, Flandrian and

Alluvium — modern river floodplains — along the upper
reaches of the River Clyde, Flandrian

Generally Raised Marine Deposits, Devensian, Raised
Marine Deltaic Deposits, Devensian or Raised Marine
Intertidal and Subtidal Deposits, Devensian

Paisley Clay Member Generally Raised Marine Deposits, Devensian or Raised
Marine Intertidal and Subtidal Deposits, Devensian
Bridgeton Sand Member Largely concealed beneath younger deposits, where present,
exposures usually represented as Raised Marine Deposits,
Devensian

Ross Sand Member Glaciolacustrine Deposits, Devensian Glaciolacustrine
Deltaic Deposits, Devensian or Glaciofluvial Deposits,
Devensian

Ross Sand Member (silt, sand) Largely concealed beneath younger deposits, identified at
depth from borehole data, rare exposures represented as
Glaciolacustrine Deposits, Devensian or Glaciolacustrine
Deltaic Deposits, Devensian

Broomhouse Sand and Gravel Largely concealed beneath younger deposits, where present,

Formation (sand and gravel) exposures usually represented as Glaciofluvial Deposits,
Devensian, but also as Glaciofluvial Ice-Contact Deposits,
Devensian

Broomhouse Sand and Gravel Not recorded on the maps in the Clyde Gateway area

Formation (sand) (concealed beneath younger deposits), identified at depth
from borehole data

Wilderness Till Formation Till - Devensian

Cadder Sand and Gravel Formation Generally concealed beneath younger deposits, identified at

depth from borehole data, rare exposures represented as
Glaciofluvial Deposits, Devensian

Table 1 Summary of superficial deposits and artificial ground sequence in the Clyde
Gateway area

The precise relationships between the Quaternary deposits are complex, varying laterally and
vertically across short distances (Figure 4), making extrapolation difficult in areas where
borehole data are sparse or absent. For that reason, both interpretative and stochastic
modelling has been undertaken.
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Figure 4 Example SSW-NNE cross-section of superficial deposits in the vicinity of the
research site. Vertical exaggeration x 3. Borehole constraint points shown in red. Ground
surface derived from NEXTMap Britain elevation data from Intermap Technologies.

Further information is available from Kearsey et al. (2015), Monaghan et al. (2013), Monaghan
et al. (2017), Arkley (2018).

2.3 BEDROCK GEOLOGY

Geological maps and borehole data are available to view on the BGS Geolndex Onshore. Data
from mine abandonment plans includes extent, depth, working type, faults etc. for the stack of
seven worked coal seams. The mine workings date from 1810-1934 with total extraction and
stoop and room workings shown. It is expected that total extraction areas collapsed within a few
years of mining to form a waste, and that the mines will be flooded.

Bedrock strata that will be accessed by the facility are the Scottish Upper, Middle and Lower
Coal Measures formations of the Westphalian Scottish Coal Measures Group (e.g. Table 2;
Figure 5). These lithologically variable sedimentary rocks are well documented by borehole
records and correlated using coal seams and marine bands.

Analysis of borehole, mine abandonment plan, map and legacy 2D seismic data to the north-
east of the Clyde Gateway shows gently folded synclinal structures dissected by faults on a
range of orientations (Figure 6). To the southeast of the study area the NW-SE trending
Dechmont Fault is a major basin-bounding structure. E-W trending structures such as the
Rutherglen, Shettleston and Great Dyke faults dissect the succession with smaller NNE to N
trending structures.

Approximate predicted depth relative to OD, metres, | Stratigraphy
Location 01

-34 | Glasgow Upper Coal (workings)

-66 | Glasgow Ell Coal (workings)

-72 | Glasgow Main Coal (workings)

-91 | Humph Coal (workings)

-100 | Glasgow Splint Coal (workings)

-104 | Virgin Coal

-123 | Airdrie Blackband Coal

-161 | Airdrie Virtuewell

-167 | Kiltongue Coal (workings)

-177 | Base Coal Measures Group

Table 2 Approximate predicted depths to mined coals and stratigraphic boundaries at one of the
proposed borehole locations (GGERFS01)
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Figure 6. Contoured depth grid (m relative to Ordnance Datum) for the base of Glasgow
Main Coal, horizon exported from the geological model as described in Burkin & Kearsey
(2018). Contains Ordnance Survey data © Crown copyright and database rights. All rights
reserved [2019] Ordnance Survey [100021290 EUL].

Further information available from: BGS (2007), Monaghan et al. (2013), Monaghan et al.
(2017), Burkin and Kearsey (2018).

2.4 GEOLOGICAL MODELS

BGS has updated 3-dimensional geological framework models of the superficial and bedrock
geology (see Figures 3, 6 above), integrating a wide range of available data and knowledge.
These models are currently progressing through a quality control system and will be released
shortly. They will be continually updated as new data emerges during borehole drilling.
Stochastic models of the superficial deposits also exist (e.g. Kearsey et al., 2015). The
geological framework models form the basis for mine, hydrogeological and thermal models.

3 Hydrogeology

3.1 OVERVIEW

Existing available hydrogeological, hydrogeochemical and groundwater temperature data have
been collated for the research area before borehole drilling starts. In Glasgow, neither surface
water nor groundwater are used as a drinking water resource

3.2 HYDROGEOLOGY OF THE SUPERFICIAL DEPOSITS

Much more is known about the hydrogeology of superficial deposits than about bedrock in
Glasgow and the Clyde Gateway area. The Quaternary geological sequence in the central
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Clyde valley in Glasgow, including the Clyde Gateway area, forms a shallow complex aquifer
system with a sequence of hydrogeologically heterogeneous lithostratigraphic units. Three
Quaternary lithostratigraphic units — the Bridgeton Sand, Gourock Sand and Paisley Clay
members — together form a linear aquifer approximately 2 to 3 km wide and typically between
10 and 30 m thick beneath central Glasgow. This aquifer is highly heterogeneous both naturally,
due to varying lithology within aquifer units and to the varying influence of the tidal River Clyde
with distance from the river; and due to urban influences, such as altered surface permeability,
subsurface flowpaths, and urban recharge (O Dochartaigh et al., 2019).

The national map of groundwater vulnerability indicates that groundwater in the uppermost
Quaternary aquifer is highly vulnerable across much of the area, with zones of low vulnerability.
However, this national-scale map is not likely to provide an accurate assessment of the actual
vulnerability of groundwater in the small urban Clyde Gateway area. The widespread presence
of anthropogenically altered ground — not accounted for in the national scale map - is likely to
have a major impact on local groundwater vulnerability and this has been considered in
environmental assessments for the research site (Ramboll, 2018 a,b,c,d)

3.3 HYDROGEOLOGY OF THE BEDROCK

Unmined Carboniferous sedimentary rocks in the Central Belt of Scotland typically form multi-
layered and vertically segmented aquifers. The typically fine-grained, well-cemented rocks have
low intergranular porosity and permeability, and groundwater flow and storage dominantly occur
in fractures in the rock. Hydraulic aquifer properties therefore depend largely on the local nature
of fracturing in the rock (O Dochartaigh et al., 2015). Overall, the unmined rocks tend to form
moderately productive aquifers — data on aquifer properties is given in Table 3. Sandstone units
within the sedimentary sequence generally have the highest transmissivity and storage
capacity, and therefore tend to act as discrete aquifer units, interspersed by lower permeability
siltstones, mudstones and (undisturbed) coal seams (O Dochartaigh et al., 2015).

Groundwater can be present in the aquifer under unconfined or confined conditions, which can
vary between different sandstone and other sedimentary units and at different depths.
Groundwater heads therefore vary between different aquifer layers (O Dochartaigh et al. 2015).

Groundwater flow paths through the aquifer are thought to be complex, due to their naturally
layered nature and the predominance of fracture flow, and potentially to the influence of faults.
This may tend to promote preferential sub-horizontal flow, such as within sandstone units, and
sub-vertical flow, such as via transmissive fault zones. Flow paths are likely to be relatively
deep (100s of metres) and long (1-10 km). Previous assessments suggested that Glasgow acts
as the focal point for much of the groundwater discharge from Carboniferous aquifers from the
Central Coalfield area, with prevailing groundwater flow paths from the east, north-east and
south-east (Hall et al., 1998), but there is little measured hydrogeological data to support this
hypothesis.
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Porosity Matrix hydraulic | Transmissivity | Specific Operational yield
(%) conductivity (m?/d) capacity (m3/d)
(m/d) (m3/d/m)
Carboniferous 12-17 (34) | 0.0003-0.1 (37) | 10-1000* (5) 48-132 * (486) 131-418 (348)
aquifers—not (minimum
extensively 0.43; maximum
mined for coal 1320) *
Porosity Matrix Transmissivity | Specific Operational yield
(%) hydraulic (m2/d) capacity (m3/d)
conductivity (m3/d/m)
(m/d)
Carboniferous 10-1000 * (5) 48-132 * (46) 1987-3279 (171)
aquifers— (minimum (minimum 41;
extensively mined 0.43; maximum | maximum 22 248)
for coal 1320) *

* May refer to both mined and nonmined aquifers

Ranges of values refer to mean and median values except where indicated
Number of values indicated in brackets

Data from the British Geological Survey

Table 3 Summary of available data on aquifer properties for Carboniferous sedimentary
aquifers of Scotland: (top) not extensively mined for coal; (bottom) extensively mined for
coal. From O Dochartaigh et al. (2015).
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3.3.1 Impacts of mining

@ @ Recharge to sandstone aquifer units through thin,
absent or permeable superficial deposits

<«—— generally up to 1 kilometre ——— >

LEGEND

% Superficial deposits infilling valleys Coal seam (worked)

EI Siltstone and mudstone with low permeability - Coal seam (unworked)

‘:I Sandstone with moderate permeability Other mineral seam (worked) eg. Ironstone, limestone
Groundwater flow lines Contaminated groundwater from

v mineworkings entering aquifer

Groundwater level (water table)
7 @ Shaft connecting mine workings pumping contaminated
——3 Contaminated groundwater flow groundwater from coal workings for treatment

Figure 7 Mined hydrogeology conceptual model for central Scotland from O Dochartaigh
et al. (2015).

Mining in Carboniferous sedimentary rocks has significantly changed natural hydrogeological
conditions. Groundwater flow paths are likely to be even more complex in mined aquifers than
in undisturbed Carboniferous aquifers

Mine voids (shafts and tunnels) can artificially and greatly increase aquifer transmissivity and
can link formerly separate groundwater flow systems both laterally and vertically (Figure 7).
Aquifer storage can also be locally increased. Even where mine voids have subsequently
collapsed, deformation of the surrounding rock mass is likely to cause further changes in
transmissivity and, to a lesser degree, storage (Younger and Robins, 2002).

Quantitative data on aquifer properties from borehole pumping tests are relatively rare for
formerly mined aquifer zones in Carboniferous rocks in Scotland. However, records of specific
capacity from boreholes drilled in aquifers which have been extensively mined, many of which
intercept mine workings, give an indication of the range in aquifer properties and how this varies
from the unmined aquifers. There are also many records of yields from mine dewatering
boreholes. Table 3 summarises the available data from these sources: in general yield values
are higher in aquifers that have experienced extensive coal mining.

3.3.2 Temperature

Though there are no direct borehole temperature measurements within the Clyde Gateway
area, there are 13 measurements from within 20 km (Figure 8). This existing dataset indicates
that mine water temperature in the planned boreholes is likely to be around 12 °C.
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Figure 8 Measured temperature and depth within 20 km of the Clyde Gateway area; 10
data points from Burley et al. (1984), Rollin et al. (1987), and DECC Onshore Well archive.
The red data point is temperature measured in the Highhouse Colliery. The geothermal
gradient is 30.2 °C/km with a surface temperature of 7.3 °C, reproduced from section 5.2
of Monaghan et al. (2017).

3.4 HYDROCHEMISTRY

Data on the hydrogeochemistry within superficial and artificial ground is contained within site
investigation reports and summarised in reports for the planning application (Ramboll, 2018
a,b,c,d). Results are highly variable dependent on location, but some sites close to the planned
borehole locations show exceedances of resource protection values in both the shallow
(superficial deposits) groundwater and deeper (near top bedrock) groundwater.

There is little recent information on groundwater chemistry in the Carboniferous sedimentary
aquifer in Glasgow. Some regional bedrock hydrochemistry information is available from the
Baseline Scotland dataset (O Dochartaigh et al., 2011). The natural chemistry of groundwater in
Carboniferous sedimentary aquifers is often moderately to highly mineralised (values in O
Dochartaigh et al., 2011).

Groundwater quality can be significantly affected by mining. Groundwater discharges from mine
workings are often strongly mineralised, with high specific electrical conductivity (SEC) and
particularly high concentrations of HCO3, Ca, SO,, Fe and Mn, and low in dissolved oxygen. pH
is generally well buffered and alkalinity is high, indicating significant reaction with carbonate
material in the aquifers (O Dochartaigh et al., 2011). Acid mine water discharge is not currently
a known problem in Glasgow, and past investigations at a number of sites have indicated good
quality groundwater in abandoned mine workings (Glasgow City Council, pers. comm.).

Further hydrogeology information is available in: O Dochartaigh et al. (2011); O Dochartaigh et
al (2015). Additional hydrogeological modelling information is available in: Bianchi et al. (2015);
Turner et al. (2015).
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3.5 ADDITIONAL CHARACTERISATION AND MONITORING DATA SOURCES

Summaries of surface water, soil chemistry, baseline seismicity and engineering geology
datasets are given in Monaghan et al. (2017) with other summaries of baseline datasets:

Surface water: Fordyce et al, (2004), Smedley et al. (2017)
Soil chemistry: Fordyce et al. (2012), Kim et al. (2019)
Ground motion: Bateson et al. (2018)

Stress and seismicity of central Scotland: Baptie et al. (2016)
Geological models: Kearsey et al. (2019), Williams et al. (2019)
Mine geothermal in Glasgow: Banks et al. (2009).

4 Research infrastructure

4.1 OVERVIEW OF SCIENCE INFRASTRUCTURE

This text describes borehole arrays re-scoped to fit within budget ( the planning applications cover a greater number
of boreholes)

Phase 1 of the Glasgow Geothermal Energy Research Field Site research infrastructure will
comprise of three borehole arrays:

¢ Array A Mine water characterisation and monitoring
e Array B Environmental baseline characterisation and monitoring
e Array C Seismic monitoring

The infrastructure also includes the following science installations and environmental baseline
monitoring datasets:

e Groundwater

e Surface water

e Ground motion

e Soil or ground gas
e Soil chemistry

The Phase 2 geothermal and science infrastructure will be finalised once the results of the
Phase 1 characterisation and monitoring boreholes are available. Sections 4.2 to 4.5 provide an
overview of the infrastructure, instrumentation and data available for research.

Data generated during the construction and operation of the Glasgow Geoenergy Observatory
will be made freely available via an online platform.

4.2 ARRAY A: MINE WATER CHARACTERISATION AND MONITORING

421 Overview

Array A boreholes will measure data from what we believe to be a representative set of mine
workings to characterise the mined rock volume and mine water hydrogeology. The boreholes
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will target two levels of mine workings at drilled depths from around 45 m to 90 m and will likely
penetrate different types of abandoned mine workings. Data from the mine water borehole array
will inform the design and scope of the Phase 2 geothermal research infrastructure

The array will allow scientists to study in great detail spatial and temporal connections and
variability within a mined rock volume. The aim of Array A is to:

¢ Improve the scientific understanding of the subsurface mine water environment (i.e.
subsurface flow, heat and fluid connectivity, sustainability of mine water resources, fluid-
rock mass interactions) through the collection and interpretation of measured data such
as mine water temperature, geochemistry, levels, flow and storativity etc.

e Characterise initial conditions and provide ongoing baseline monitoring of the mine water
hydrogeology, against which any future research results can be compared

¢ Provide continuous downhole data and cross-borehole imaging of geoelectrical and
temperature properties of the subsurface in order to monitor natural and induced
properties and changes

e Provide open data in easily accessible formats

¢ Provide borehole infrastructure to test and optimise new technologies, sensors,
performance, and operational strategies. Work to study key uncertainties such as
dosing, dissolved gas management and clogging could be undertaken in this borehole
array.

4.2.2 Locations

Array A comprises three pairs of mine water characterisation and monitoring boreholes in the
Cuningar Loop (Figure 9). The locations have been chosen to penetrate two levels of mine
workings in a triangular arrangement, to characterise the mine water flow at a scale suitable for
the heterogeneous geology. Small mapped faults and a coal washout, all within the same larger
fault block, are typical of the geology. Different styles of mine working are likely to be
encountered: stoop and room and total extraction (stoop and room followed by subsequent total
extraction), beneath a sandstone or siltstone/mudstone roof. In both cases the roof may be
partially or completely collapsed.
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0 30 60 . Legend
S T e ' Borehole type
| @ environmental baseline
@® mine characterisation/monitoring
@
@ Site 01 ‘
® - Glasgow Upper mine workings
‘ Stoop and room (pillar and stall)
Recorded workings, total extraction
@
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[ )
e
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Figure 9 Array A: Mine water characterisation and monitoring (GGERFSO01, 02, 03)
borehole locations along with the recorded extent of Glasgow Upper mine workings from
BGS interpretation of mine abandonment plan records (location error of the order of +5
m). Ordnance Survey data ©Crown Copyright and database rights 2018. Ordnance
Survey Licence No. 100021290 EUL

4.2.3 Infrastructure

It is planned that each Array A borehole will be cased and screened within a worked coal seam.
The boreholes will have an internal casing diameter of 246 mm and a 4mm slotted screen
section 3-10m in length (dependent on the condition of the working and fractures above/below;
Figure 10). The shallower borehole of each pair will target the Glasgow Upper Coal workings at
approximately -40 m relative to OD (c.50 m drilled depth) and the deeper borehole will target the
Glasgow Main Coal workings at approximately -80 m (c.90 m drilled depth).
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GGERFSO01: Borehole GGA02 Mine water characterisation (Not to scale) BASE CASE SCHEMATIC

Start height: 11 m Borehole target - Glasgow Main Coal mine working
DEPTH m relative to BOREHOLE DESIGN CEMENT/COMPLETION DRILLING LOGGING/PUMPING
Ordnance Datum
— ] P
L I 1 MADE GROUND
. I | Made ground casing THROUGH MADE GROUND
| [{MADEGROUND: 34%"hole | | Permanent Piling rig
g I | Sealed by grout May require mud/water flush if
Z —courock— 0 1 ] Fully surfa ground stability is an issue
& |_sanp memger | i Extends 7 |.|T|Idu mn;gs;;n.
& ,
| PaisLey cLay " a cables and
<| " wewmsen 247 steel casing | I made ground cables on UPVC
3 | casing from surface
| ] to just above
WILDERNESSTILL [ | THROUGH SUPERFICIALS screened section
FORMATION rock -18 m OD {+/-3 m} I | SUPERFICIAL SECTION Rotary. Polymer based fluid o ing of
204 ace casing to -23 m OD !‘ J Surface casing sealed by grout Remainder to be disposed ¥
Fully cemented to surface
Extend 3 m into bedrock Gas detection monitoring suj
_____ 22" hole needed at surface (only at GGAO2)
20 18" casing
GLASGOW
UPPER COAL i s s s
il ctiihd MAIN BOREHOLE THROUGH MAIN BOREHOLE
a 40d4===—= Cased and annulus sealed by grout Fluid flushiwater flush
z Grout composition must include
@ high percentage bentonite
g Locally grout mineworkings Test pumping
5 504 16" hole Large pump size (8"
P e 280 mm OD diameter)
< s Step test
8 ABOVE SCREEN Constant rate test
UuPVC casing Finned seal and bentonite grout
-601 No coring
SLAIGON SCREENED SECTION
ELL COAL
uPVC screen across mined seam Cased slim-hole
N t size wireline logging
10+ cre ngth 3 m-10 m Gamma, tempera-
GLASGOW i ol pack unless large ture, conductivity
MAIN COAL oid gravel pack required Install datalogger
Size 3-4 mm particles after pump test

(85 m drill length)

SUMP/BELOW SCREEN
Sump 1-3m

Thread screen into blank casing
sealed by a cap

[[7] Screened section
[l Local grouting (bags or cemented section)

[ Gravel pack

Figure 10 Example of Array A mine water borehole design

The boreholes have been designed to minimise mixing of mined groundwater from different
levels and will allow testing of aquifer properties, temperature-pressure monitoring and
groundwater sampling of the particular mined seam. This will provide information to understand
connectivity, flow and heterogeneity of the mine water system.

The boreholes have been designed with a relatively large diameter, so that they are suitable to
be re-purposed as future geothermal abstraction, reinjection and science boreholes. They are
also suitable for the deployment of pumps and other groundwater equipment.

Electrical resistivity tomography and distributed temperature sensing fibre optic cables are
planned to be installed in the bedrock sections of the mine water characterisation and
monitoring boreholes.

4.2.4 Scientific instrumentation

The mine water characterisation and monitoring boreholes have been designed to allow for the
installation of scientific instrumentation including and for groundwater sampling, for example:

e Pressure-temperature transducers
e Multi-parameter water quality probes
e Submersible sampling and high-flow pumps

4.2.5 Scientific data acquisition

UKGEOS will deliver the following samples and data from the mine water boreholes:

¢ Hydraulic head and groundwater temperature and specific electrical conductivity (SEC) —
measured via continuously recording, monthly-downloaded pressure-temperature-
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conductivity transducers, supported by monthly manual groundwater level and
conductivity measurements.

e Aquifer properties via pump tests

e Groundwater chemistry — repeated groundwater sampling campaigns will collect and
analyse groundwater samples from the boreholes. Sampling will take place monthly for
at least 1 year to establish a baseline. Appendix B, Table 4 summarises the parameters
proposed to be analysed. In addition it is planned to collect samples for geomicrobiology
studies, and some additional groundwater samples may be taken to be available for the
research community.

e Geophysical logging parameters (cased hole so limited tools: gamma, caliper, probably
temperature, conductivity for deepest borehole of each pair)

e Output from electrical resistivity tomography (ERT) and direct temperature sensing
(DTS) fibre optic cables

e Cuttings samples collected during borehole drilling, together with drilling records and
logs
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4.2.6 Summary table: Array A borehole infrastructure and planned sampling
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Please refer to the overview sampling plan overview (UKGEOS report GO007, available on
request from ukgeosenguiries) for more detail on sampling.

Array A

Scientific objective:

Mine water characterisation and monitoring

No. of sites and boreholes
per site

3 sites each with 2 boreholes (GGERFS 01, 02, 03)

Expected lithostratigraphy
at 7D

Glasgow Upper or Glasgow Main mine working,
Middle Coal Measures

Boreholes per site

One targeting Glasgow Upper working at c. 45 m
and one targeting Glasgow Main working at c. 90 m

Borehole diameter

246 mm ID in bedrock section

Casing Installed:

uPVC 280 mm OD through bedrock section, two
further casings in made ground and superficial
deposits

Expected end use

Ongoing sampling, monitoring, testing, possibly
geothermal abstraction/re-injection

Rock samples available
during drilling

Drill cuttings aim to be collected every 1m

Cored boreholes

No

Geophysical logs

In deepest borehole at each site through casing —
gamma, caliper

Geomicrobiological
sampling during drilling

No BGS collected samples.
Academic fluid and drill cuttings samples requested
for geomicrobiology

Gas testing during drilling

Monitors for H&S

Drilling fluid sampling
during drilling

BGS: QC sample each day of returned drill fluid,
not analysed unless grouting problems
Aacdemic: settling tank, returned drill fluid

Borehole fluid sampling
during drilling

Academic: daily requested

Borehole fluid sampling
post drilling

Academic: after borehole cleaning

Pump testing

Pump testing after borehole construction, 2 BGS
groundwater samples, and academic samples

Groundwater sampling
after drilling

BGS monthly samples
Academic: TBC, requested

Permanently installed
equipment

Data loggers with monthly downloads
Cross-borehole geoelectrical imaging (electric
resistivity tomography). Direct temperature sensing
cables.

Table 4 Summary table for Array A

4.3 ARRAY B: ENVIRONMENTAL BASELINE CHARACTERISATION AND MONITORING

4.3.1 Overview

Array B has been designed to provide baseline monitoring data for groundwater within
superficial deposits and near the top of the bedrock. The aim of this array is to:
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e Improve scientific understanding of the subsurface and near surface groundwater
environment, in particular subsurface to surface interactions and potential risks
associated with mine water geothermal research activities, by collecting data relating
to water geochemistry, temperature, and level

e To characterise initial conditions and provide ongoing baseline monitoring of the non-
mined subsurface hydrogeology, against which any future research results can be
compared to identify any environmental change(s) resulting from research activities

¢ Meet regulatory requirements for developing any future geothermal activities at the
site and provide public assurance

e Provide open groundwater monitoring data in easily accessible formats

4.3.2 Locations

The environmental baseline borehole array comprises five boreholes in the Cuningar Loop area
(Figure 11). Three boreholes target intervals within the superficial deposits and two target
unmined zones near the top of the bedrock. This distribution of boreholes is designed to monitor
groundwater interactions at the mine water borehole sites and to the south of those sites, in the
approximate direction of the predicted groundwater flow.

N

0 30 60 120 Meters Legend

Borehole type

@® environmental baseline

® ® mine characterisation/monitoring
o Site 01

.near top bedrock
¢.37 m drilled length

@
{@ '
Py Site 03

superficial deposits
¢.9.m drilled length

Site 02

e superficial deposits
¢.18 m drilled length

near top bedrock
c. 48 m drilled length

: o
Site 05 g superficial deposits
c. 16 m drilled length

Figure 11 Array B Environmental baseline characterisation and monitoring borehole
locations. Ordnance Survey data ©Crown Copyright and database rights 2018. Ordnance
Survey Licence No. 100021290 EUL.
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4.3.3 Infrastructure

Each environmental baseline borehole will be completed with permanent casing, with a slotted
well screen in the target interval (Figures 12, 13). The boreholes in the superficial deposits will
be drilled to a depth of 9-18m and completed with a 103.8 mm internal diameter casing, with a
2 m screened interval. The near- top bedrock boreholes will be drilled to a depth of 37- 48m and
completed with a 150 mm internal diameter casing, with a 3—10 m screened interval.

GGERFSO05: Borehole GGB04 Environmental Baseline (Not to scale) SCHEMATIC
Start height: 12 mTarget: Superficials Borehole target - Mid-Gourock Sand

DEPTH m relative to CEMENT/COMPLETION DRILLING LOGGING/PUMPING
Ordnance Datum

- MADE GROUND/

SURFACE CASING THROUGH MADE GROUND
Made ground casing Piling rig

Permanent May require mudiwater flush if
Sealed by grout ground stability is an issue

Fully cemented to surface

Extends 2-3 m below base of

made ground

34 %" hole

MADE GROUND
8 %" steel casing

MAIN BOREHOLE THROUGH SUPERFICIALS

ased and sealed
Cased and sealed by grout Bovir Polvrasr B

ABOVE SCREEN Remainder to be disposed

Packer and bentonite grout

e A e e |
L_—_—_—_—_———I

GOUROCK o 77%" hole I
SAND MEMBER : Al : 113.8m 0D x " Test pumping
i Pump size 3"
Grundfos
[ SCREENED SECTION Step test
13 Pre-glued gravel pack Constant rate test
Size of gravel 1 mm
uPVC screen
across mined seam
Screen length 2 m

Gas detection monitoring
needed at surface

103.8 mm ID uPVC
upvcc

PAISLEY CLAY
MEMBER

SUMP Install date logger

after pump test

WILDERNESSTILL 1-2m
FORMATION Ends in blank casing

Capped

No coring/
wireline logging

] screened section
[:l Local grouting (bags or cemented section)

[] Gravel pack

Figure 12 Example of Array B environmental baseline monitoring borehole design for a
target in the superficial deposits
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Start height: 12 m

|:| Screened section
[:l Local grouting (bags or cemented section)

[] Gravel pack

Target: Top of Bedrock

GGERFSO05: Borehole GGB05 Environmental Baseline (Not to scale) BASE CASE SCHEMATIC

Borehole target - Sandstone below rockhead

Thread screen into blank casing
sealed by a cap

DEPTH m relative to BOREHOLE DESIGN CEMENT/COMPLETION DRILLING LOGGING/PUMPING
Ordnance Datum
10+ 34%" hule—I r SUPERFICIAL SECTION THROUGH MADE GROUND
MADE GROUND I | Surface casing sealed by grout Piling rig
16" steel | 1 Fully cemented to surface May require mudiwater flush if
i \ Extend 3 m into bedrock ground stability is an issue
_____ i §
GOUROCK 1
SAND MEMBER 0+ i
I THROUGH SUPERFICIALS
1 Rotary. Polymer fluid
[ MAIN BOREHOLE Remainder to be disposed
Bedrock -18 m OD (+/-3 m) I Cased and annulus sealed by grout
PAISLEY CLAY
MEMBER Surface casing to -23 m OD 14%" hole [ Grout composition st ltclude Gas detection monitoring
-10 I high percentage bentonite rad o S etirane
“““ 10%" steel
[WILDERNESS TitT Iyt :
|_FoRmaTION | i No ERT or fibre-
optics
l‘ THROUGH MAIN BOREHOLE
I I ABOVE SCREEN Fluid flush/water flush
-20 9%" hole I | Finned seal and bentonite grout
i 1 Tas il
165 mm OD | 1 Pump size
150 mm ID : : gu'?\':r\n(owr)
304 uPvC | | SCREENED SECTION Constant rate test
[} | Pre-glued gravel pack
GLASGOW Target -32 m OD Size of gravel 4 mm
UPPER COAL 44md length uPVC screen
Coal thickness across mined seam
Screen length 3 m to 10 m
o o
L rerwe| TD -33 m (45 m drill length) Basic cased hole logs
= Ganma and
conductivity
SUMP/BELOW SCREEN Install datalogger after
Sump 2-3m

pump test

Figure 13 Example of Array B environmental baseline monitoring borehole design for a
target near the top of the bedrock

4.3.4 Scientific instrumentation

The environmental baseline boreholes have been designed to allow for the installation of

scientific instrumentation including, for example:

e Pressure-temperature transducers

e Submersible pumps

4.3.5 Scientific data acquisition

UKGEOS will deliver the following samples and data from the environmental baseline
boreholes:

e Hydraulic head, groundwater temperature and specific electrical conductivity (SEC) —
measured via continuously recording, monthly-downloaded pressure-temperature-
conductivity transducers, supported by monthly manual groundwater level and
conductivity depth measurements.

e Agquifer properties via pump tests

e Groundwater sampling — repeated groundwater sampling campaigns will collect and
analyse groundwater samples from the boreholes. Sampling will take place monthly for
at least 1 year to establish a baseline. Appendix B, Table 4 summarises the parameters
proposed to be analysed. In addition it is planned to collect samples for geomicrobiology
studies, and some additional groundwater samples may be taken to be available for the
research community.

e Cuttings samples collected during borehole drilling, drilling records and logs
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Please refer to the overview sampling plan overview (UKGEOS report G0O007, available on
request from ukgeosenquiries) for more detail on sampling

Array B

Scientific objective:

Environmental baseline characterisation and
monitoring

No. of sites and boreholes
per site

3 sites with 1 borehole (GGERFS 01, 02, 03) plus
GGERFS 05 with 2 boreholes

Expected lithostratigraphy
at TD

Superficial deposits and near top bedrock (Coal
Measures)

Boreholes per site

Varies depending on site from 9 mto 44 m

Borehole diameter

Two designs: uPVC 150 mm ID in bedrock
boreholes. uPVC 103.8 mm ID in superficial
boreholes

Casing Installed:

Two designs: 165 mm OD in bedrock plus
additional casings in superficial and made ground.
113.8 mm OD in superficial deposits plus additional
casing in made ground

Expected end use

Ongoing sampling, groundwater monitoring

Rock samples available
during drilling

Drill cuttings aim to be collected every 1m

Cored boreholes

No

Geophysical logs

No

Geomicrobiological
sampling during drilling

No BGS collected samples.
Academic fluid and drill cuttings samples requested
for geomicrobiology

Gas testing during drilling

Monitors for H&S

Drilling fluid sampling
during drilling

BGS: QC sample each day of returned drill fluid,
not analysed unless grouting problems
Aacdemic: settling tank, returned drill fluid

Borehole fluid sampling
during drilling

Academic: daily requested

Borehole fluid sampling
post drilling

Academic: after borehole cleaning

Pump testing

Pump testing after borehole construction, 2 BGS
groundwater samples, and academic samples

Groundwater sampling
after drilling

BGS monthly samples
Academic: TBC, requested

Permanently installed
eguipment

Data loggers with monthly downloads

Table 5 Summary table for Array B

4.4 ARRAY C: SEISMIC MONITORING AND CORED BOREHOLE

441 Overview

The GGERFS seismic monitoring borehole is designed to strengthen the national seismic
monitoring network in the urban area, so that any felt earthquake can be detected and
located. Reliable characterisation of baseline levels of natural seismicity in the vicinity of
GGERFS will allow discrimination of any future events that could erroneously be attributed
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to geothermal activities at the research site. Without this, in the unlikely event that there are
any changes in the spatial or temporal behaviour of small seismic magnitude events, these
would be obscured by uncertainties.

The seismic monitoring borehole was cored during drilling to provide a record of the
Scottish Coal Measures geology (no mine workings were encountered during drilling- see
Starcher et al., 2019). This borehole was open-hole wireline logged to profile the bedrock
geophysical parameters.

4.4.2 Location

The seismic monitoring borehole is located at GGERFS10 in Dalmarnock. (Figure 14). The
location was chosen due to the availability of a power and broadband connection, and
because it is some distance from motorways and railways. At this location there are no
recorded mine workings on mine abandonment plans; intact coals were confirmed by drilling
(Starcher et al. 2019).

251'000

N
40 80 160 Meters | Legend

Borehole type

@® seismic observation

[ ]
Site 10

T
663000

T
261000

Figure 14 Array C: Seismic monitoring borehole location at Dalmarnock. Ordnance
Survey data ©Crown Copyright and database rights 2018. Ordnance Survey Licence No.
100021290 EUL.
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4.4.3 Infrastructure

The seismic borehole has an internal casing diameter of 76.6 mm and has been drilled to a
depth of 199 m drilled depth. It contains a string of 5 seismometers at drilled depths 198 m, 156
m, 113 m, 71 m and 29 m. The core diameter is 102 mm (Starcher et al., 2019).

4.4.4 Scientific instrumentation

Guralp Radian broadband seismometers that record 3-component acceleration data were
lowered into the borehole via a cable and held in place with hole locks. The seismic data is
logged at the surface and telemetered in real-time to the online data portal.

To protect the expensive seismic instrumentation, the borehole will generally not be available
for the deployment of other scientific equipment.

4.4.5 Scientific data acquisition
UKGEOS has delivered the following samples and data from the seismic monitoring borehole:

e Geophysical borehole logging (open hole, planned to include gamma, caliper,
temperature, conductivity, density, neutron, resistivity, sonic, flowmeter, acoustic
imaging)

e Rock core

e Time-dependent core samples for geomicrobiology studies

¢ Continuous seismometer data
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4.4.6 Summary table: Array C borehole infrastructure and planned sampling

Please refer to the overview sampling plan overview (UKGEOS report GO007, available on
request from ukgeosenquiries) for more detail on sampling

Array C: summary

Scientific objective: Cored, seismic monitoring borehole

No. of sites and boreholes | 1 site (GGERFS10) with 1 borehole (GGCO01)

per site

Expected lithostratigraphy | Lower Coal Measures

at TD

Boreholes per site One 199 m deep borehole

Borehole diameter 76.6 mm ID in bedrock section

Casing Installed: uPVC 96 mm OD in bedrock section. Plus
additional casing in superficial deposits and made
ground

Expected end use Seismic monitoring

Rock samples available Core 102 mm diameter

during drilling

Cored borehole Yes

Geophysical logs Gamma, caliper, density, neutron, resistivity, sonic,
flowmeter, acoustic image

Geomicrobiological Yes, every 10" metre core samples preserved, plus

sampling during drilling core barrel fluids

Gas testing during drilling | Monitors for H&S

Drilling fluid sampling BGS: QC sample each day of returned drill fluid,

during drilling not analysed unless grouting problems
Academic: settling tank, returned drill fluid, twice
daily

Borehole fluid sampling Academic: daily

during drilling

Borehole fluid sampling Academic: after borehole cleaning

post drilling

Pump testing No

Groundwater sampling BGS and academic samples were taken after

after drilling borehole cleaning/before wireline logging, plus
after the Christmas break. No further groundwater
sampling is possible.

Permanently installed String of 5 seismometers

eguipment

Table 6 Summary table for Array C

4.5 SURFACE AND NEAR-SURFACE ENVIRONMENTAL BASELINE MONITORING
EQUIPMENT

A range of environmental baseline monitoring activities are planned for the research site area,
both adjacent to, and in the area surrounding the boreholes. Two illustrations (Figures 15, 16)
are given below to give a flavour of the equipment planned.
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Compound GGERFS01 Cabinets hosting Soil/
ERT, DTS and ground
soil gas gas
connections, probe
loggers,
computers

Active reflector for
INSAR ground motion

Weather station +
anemometer

Fence

Mine water
borehole, Glasgow
Upper (c. 45 m)

Scanning lasers

€O and CHy Mine water

borehole, Glasgow
Main (c. 85 m)

Power supply
and ducting

Environmental baseline
borehole (c. 37 m near
top bedrock)

Access for aquifer
properties testing,
groundwater sampling,

data logger downloads
etc.

Figure 15 Image showing the planned research compound at GGERFSO01.

This is the site containing the most equipment, including soil/ground gas probe, near-surface
scanning lasers for CO, and CH,4 plus an active reflector for INSAR measurements.

Compound GGERFS02

Mine water
borehole, Glasgow

Uz (@ 0, Mine water

borehole, Glasgow
Main (c. 86 m)

Solar Panel

Soil/ground gas probe

Cabinets hosting
ERT, DTS and soil gas
connections, loggers
computers etc.

Environmental

baseline borehole
(c. 18 m superficial
deposits)

Access for aquifer
properties testing,
groundwater
sampling, data logger
downloads etc.

Figure 16 Image showing a typical research compound at GGERFSO02.

The following sections summarise this infrastructure in more detail.
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45.1 Ground motion

4.5.1.1 OVERVIEW

Ground motion monitoring in the Glasgow area is designed to detect the occurrence of any
instability (subsidence, uplift or stability) of the target area before, during, and following
subsurface research activities using Synthetic Aperture Radar (SAR) images, which have been
acquired since 1995. The interferometric processing of the available SAR imagery (INSAR) has
been designed to provide displacement measurements at different times with millimetre
accuracy.

4.5.1.2 LOCATION OF INFRASTRUCTURE

Assessment of INSAR data is ongoing over a much wider area of Glasgow than the immediate
borehole sites. To improve the calibration and accuracy of future INSAR data, a passive INSAR
reflector will be installed at Site 05 (Figures 11, 17) and an active InNSAR reflector will be
installed at Site 01 (Figure 15).

Figure 17 Passive trihedral corner reflector for SAR imagery.

4.5.1.3 DATA AVAILABILITY
The data generated from this infrastructure includes:

¢ INSAR results on the average ground motion and relative time-series
e Geological interpretation of the INSAR data in order to identify the extent and origin of
any possible ground movement. See Bateson et al. (2018)
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4.5.2 Soil/Ground gas

4.5.2.1 OVERVIEW

Soil or ground gas* monitoring will provide baseline data on mine gas risk at key points (e.g.
near shafts, faults, where coals come to outcrop, boreholes) to detect any existing mine gas
reaching the surface. It will also provide information on gases occurring from artificial ground
deposits and from natural soils. The soil gas baseline study will involve a phased programme of
work for monitoring/measurement of soil gas concentrations, flux and near-ground atmospheric
gas concentrations to establish the environmental baseline before any research activities begin.

(*ground gas -at a depth of c. 80—100 cm, in general providing ground gas concentrations free
from atmospheric dilution effects and remaining in the vadose zone)
4.5.2.2 LOCATION OF INFRASTRUCTURE

Soil gas walkover surveys were undertaken in areas including and surrounding the planned
borehole compounds GGERFS01-05 in August 2018, prior to any construction activities on site.
Ground gas samples were collected and flux measurements were taken

Continuously recording soil gas probes are planned for borehole Sites 01, 02, 03, and 05.

Two scanning lasers (Figure 18) are planned for Site 01 for the purpose of continuous
monitoring of near surface CO, and CHg,.

'»;' b ‘.v;:‘ R L 7 v s ’ﬁ,;ﬂ‘;‘ by

Figure 18 Scanning laser (left) and typical reflector (right).

4.5.2.3 DATA AVAILABILITY

Data from the soil gas monitoring probes will be downloaded monthly and made openly
available. A continuous, live data feed is planned to be available from the scanning lasers.
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4.5.3 Soil chemistry

4.5.3.1 OVERVIEW

A soil geochemistry monitoring programme will characterise baseline conditions and support the
future science-based activities. Previous BGS soil surveys (Fordyce et al. 2012) and site
investigation reports for inorganic substances and persistent organic pollutants (POPs) have
indicated localised contamination of soils in the area.

Two sampling rounds are planned
(1) prior to drilling — completed in March 2018

(ii) after the ground disturbance of putting boreholes in place to establish the pre-
operational soil chemistry environmental baseline

Unlike fluid chemistry, soil chemistry does not change significantly over seasonal temporal
scales so future sampling is recommended after the facility has been operating for 2—3
years.

The soil quality monitoring programme aims to:

() improve the scientific understanding of the near-surface environment and interactions
with the subsurface in the study area

(i) support interpretation of water quality data

(iii) provide information on ground conditions; help meet regulatory requirements and
provide public reassurance

4.5.3.2 LOCATION OF SAMPLES

In March 2018, ten samples were collected from 0—-20 cm depth from each planned borehole
site and from two control sites using locations determined for statistical validity.

4.5.3.3 DATA AVAILABILITY

Laboratory analyses of major and trace elements, pH, total organic carbon (TOC), speciated
chromium, persistent organic pollutants (POPs), total petroleum hydrocarbons (TPH), polycyclic
aromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCBs) are ongoing. The data will
be made openly available.

45.4 Surface water

4.5.4.1 OVERVIEW

Monitoring of surface water quality will be undertaken to characterise baseline conditions and so
support future research activities. Surface water monitoring will be carried out alongside
baseline groundwater monitoring over a minimum 12-month period starting in February 2019.

The aims of the surface water monitoring programme are to:

* Improve the scientific understanding of the surface water environment and groundwater-
surface water interactions to aid hydrogeological model characterisation

® Establish baseline data on spatial and temporal variability to support the identification of any
environmental change(s) resulting from the proposed activities (this could be extended to a
future longer-term programme, suitable for detecting environmental change resulting directly
or indirectly from research activities and, potentially, other anthropogenic influences)

®  Contribute to the assessment and management of risks associated with geothermal
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resource development and meet regulatory requirements

4.5.4.2 LOCATION OF SAMPLES

Sample locations are limited by the small number of exposed watercourses (many are
culverted) and access to them. Figure 19 shows the surface water sampling sites currently
planned.

Surface Water Sites
SWTC - Tolicross Burn
SW6 - River Clyde
SWS5 - River Clyde GGERFS05
S5 SW4 - River Clyde
° SW3 - River Clyde GGERFS03
SW10 - River Clyde GGERFS10
GGCOo1
®
Legend
‘SWH) @  SW_stes Feb2019
GGADIGGA2 GGERFS Boreholes
GAO03r ®  environmental bas
SW03 @ mine itoring
Shaggscate ® s coin
€@GGA0S
GGAO04 GGAO6r
GGB0S
8 SW05 SWIC SWO6.
GGBo# . L]
N
<‘L 0 0.15 03 0.6 Kilometers
. L1111 |

Figure 19 Surface water sampling sites commenced February 2019. Ordnance Survey
data ©Crown Copyright and database rights 2018. Ordnance Survey Licence No.
100021290 EUL.

4.5.4.3 DATA AVAILABILITY
The list of planned analytes is given in Appendix B. The data will be made openly available.

5 Physical collections and related data acquisition

5.1 OVERVIEW

This section provides an overview of samples and data that the British Geological Survey plan
to collect during the construction of the Glasgow Geothermal Energy Research Field Site, and
how these will be made available to the research community.

5.2 DRILLING DATA

During drilling, a wide range of operational data will be collected. These data include drillers’
logs and drilling parameters.
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5.3 CORE MATERIAL

One core of around 180 m has been collected from GGERFS10 (seismic borehole) from a
representative section of the Coal Measures Group stratigraphy.

The core was sampled for geomicrobiological analysis shortly after collection, with samples
preserved by freezing at -80C prior to transport to BGS Keyworth. A tracer was added to the
drilling fluid as a marker for drilling fluid ingress into the core.

The core is being logged for lithology and fractures and will be described and interpreted to
provide detailed insight into the stratigraphic evolution of the area and the depositional
environments.

The core is being scanned at BGS Keyworth using the full suite of core scanning equipment
documented in Appendix A.

The core material is stored in the BGS Keyworth core store, where it will be available for
researchers to view and undertake further sampling/ research.

5.4 WIRELINE LOGGING

Geophysical wireline logs were collected to profile in-situ rock properties and support
stratigraphic logging. The seismic monitoring borehole was logged as open hole with suite of
tools including gamma, caliper, density, neutron, resistivity, sonic and flowmeter. Limited
geophysical logging (gamma, caliper) will be undertaken in the deepest cased mine water
boreholes at Sites 01, 02 and 03.

5.5 PHYSICAL CORE SAMPLE ANALYSIS

Physical core will be analysed for a range of microbiological, geochemical and geomechanical
properties. The core will be available for researchers to undertake further analysis.

The BGS planned core sampling and scanning/logging include:

¢ Time-dependent geomicrobiology sampling
¢ Core scanning

5.6 GROUNDWATER AND FLUID SAMPLES

Plans for sampling core and cuttings material, plus groundwater and other fluids (drilling
fluids, gases etc.) are described in an overview sampling plan (UKGEOS report GO007), and
summarised in the Tables 4-6 above.

6 UKGEOS data portal

6.1 OVERVIEW

The UK Geoenergy Observatories informatics platform will provide the infrastructure necessary
to collect, transmit and store data from the field as well as provide researchers with the
necessary tools to discover, access and process such data. It will:

o allow data (real-time or otherwise) collected in the field to be streamed back to
scientists and/or web portals

e store scientific data in bespoke databases

o facilitate re-use and sharing of scientific data between scientists

¢ allow for expansion as demand requires (e.g. allowing data from new experiments to
be streamed to the portal)
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e be supported long-term by BGS data and system management
e provide access to new NERC facilities, such as the suite of core scanners.

6.2 ACCESS TO NEAR REAL-TIME AND/OR CONTINUOUS ENVIRONMENTAL
BASELINE DATA

The informatics platform will initially be used to transmit near real-time and/or continuous
(monthly downloaded) data from environmental monitoring sensors to scientists, businesses
and the public through web-based delivery channels. These data will characterise the
subsurface around the research facility before any scientific experiments take place.

Once research commences, scientists will be able to use this infrastructure to transmit
continuous data from their experiments back to the laboratory. Data will be presented publicly
via dedicated data portals, providing audience-tailored views including spatial and temporal
visualisations as well as search, query and download tools. The portals will be developed in
advance of the baseline monitoring taking place so that they can be launched as soon as data
streams from the field go live. Links to these new facilities will be published on the BGS website
and in other appropriate communication channels.

6.3 ACCESS TO SITE CHARACTERISATION AND SCIENTIFIC DATA

In addition to temporal data streams, the informatics platform will provide public access to other
key datasets including, but not limited to:

e borehole data such as physical samples, imagery and geophysical analysis
¢ 2D maps and 3D models of geological properties and structures

e remote-sensing data

¢ laboratory analysis results

¢ numerical models of fluid-flow processes

e immersive visualisations of diverse datasets

The informatics platform will also provide long-term storage of scientific data collected at the
site.
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Appendix A: Working at UKGEOS

A.1 OVERVIEW

The UKGEOS Glasgow Geothermal Energy Research Field Site is open to researchers from
the UK and internationally. Researchers both from academia and from industry are welcome.
Each set of boreholes will be within an accessible research compound that also contains
environmental baseline monitoring equipment.

A.2 ON-SITE FACILITIES

The research facilities will be limited to the borehole compounds. Within the urban area, there
are a range of food, drink and welfare facilities nearby. Currently there are no dedicated
laboratory facilities, though there are a number of universities and laboratories nearby.

A.3 SCIENCE FACILITIES

A.3.1. Borehole compounds

An illustration of two of the ‘research phase’ borehole compounds is given above (Figures 15,
16). Access to the boreholes for sampling and experimentation will be managed by a research
steering committee and operated by BGS.

A.3.2 Core viewing facilities

Core examination laboratories are available to use at BGS Keyworth.

A.3.3. Core scanning facilities

A state-of the art, core scanning facility is available as part of the National Geological
Repository (NGR) at Keyworth, Nottingham, UK. The NGR Core Scanning Facility hosts several
high-resolution core scanners (e.g. Figure 20) that allow whole, split, or slabbed rock and
sediment cores to be, continuously and non-destructively, scanned before being further
processed. Core scanning provides detailed information on the geophysical, mineralogical, and
geochemical characteristics of the core, records core quality and fundamental variations
downcore, and allows high-definition optical, near-infrared (NIR), ultraviolet (UV), and X-
radiographic images to be taken.
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Figure 20 Itrax XRF core scanner at BGS Keyworth.

The following core scanning facilities are available:

e X-ray tomography — Rotating X-ray computed tomography visualises and records
internal structures present within the core to determine core quality, heterogeneity and
fracture networks.

e Geophysics and core imaging — Multi-sensor core logging providing ultra-high
definition core images and geophysical analyses, including:

¢ bulk density, porosity, salinity, and/or P-wave velocity profiles

e core quality, heterogeneity, and lithology variations (e.g., grain-size, texture,
colour)

e estimations of water content and permeability

e compositional changes etc.

e X-ray fluorescence scanners — These acquire elemental abundances and variations
downcore, and produce 2D XRF maps. XRF scanning is a well-established, non-
destructive method that allows:

e Characterisation of rock and sediment provenances
e Interpretation of mineralogy and matrix properties etc.
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A.4 HEALTH AND SAFETY
Users of the research facility will be required to follow site Health and Safety procedures.

A.5 RESEARCH ACCESS

Longer term arrangements for research access are being discussed and are likely to involve
application to a facilities steering committee.

Early facility access for time-dependent and construction to early baseline monitoring phase
sampling, plus installation of infrastructure during the construction phase has been organised
via

¢ A workshop open to the science community

e A call for applications from BGS

e An early facility access form

¢ A small committee to judge on scientific merit, practicality and cost/time
implications

¢ Funding for early facility access is NOT in place.

The NERC data policy will apply to research use of the facility

A.6 COMMERCIAL ACCESS

Commercial access is likely to involve payment of a fee for use of the facility. Costs and terms
of access will be available in due course.
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Appendix B Table of analytes proposed for BGS baseline groundwater
and surface water analyses
Analysis Groundwater Units Surface Water Units Sampling
Frequency
Field HCOs3 mg/L HCOs3 mg/L Monthly
Measurement ORP mV ORP mV Monthly
pH pH Monthly
SEC ps/cm SEC ps/cm Monthly
Temp °C Temp RE© Monthly
DO mg/L DO mg/L Monthly
H,S and other gas meter at site % - Monthly
Unfiltered unacidified CH,4 mg/L - Monthly
gas bomb for GC-MS CO; mg/L -
Unfiltered unacidified, bottle from lab, for scintillation | Rn Bag/L - Monthly
Unfiltered unacidified, small amber bottle for GC- CFC pmol/L - Biannually
ECD
Unfiltered unacidified, clear glass bottle for GC-ECD | SF6 pmol/L - Biannually
Unfiltered unacidified, metal tube for QMS Noble Gases He, Ne, Ar, Kr, Xe cm® STP/ L - Biannually
Adg filtered, unacidified foil capped glass vial NPOC mg/L NPOC mg/L Monthly
for carbon analyser TIC mg/L TIC mg/L
Unfiltered unacidified, 30 ml HDPE for IR-MS o°H 0/00 o°H 0/00 Monthly
50 0/00 50 0/00
Unfiltered unacidified, 125 ml HDPE for IR-MS 5"C 0/00 5"°C 0/00 Monthly
Filtered unacidified 30 ml LDPE, for HPLC-ICP-MS Cr6+ Speciation ug/L Cr6+ Speciation ug/L Monthly
Unfiltered unacidified, 1L lab bottle for GC-FID TPH: TPH: Monthly
TPH (C10-C40) mg/L TPH (C10-C40) mg/L
TPH (C8-C10) mg/L TPH (C8-C10) mg/L
TPH (C8-C40) mg/L TPH (C8-C40) mg/L
Unfiltered unacidified, 250 ml lab bottle for HPLC-FD | PAH: PAH: Monthly
Benzo (a) pyrene ua/L Benzo (a) pyrene pa/L
Benzo (b) fluoranthene ua/L Benzo (b) pa/L
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fluoranthene

Benzo (ghi) perylene uo/L Benzo (ghi) perylene pa/L
Benzo (k) fluoranthene ua/L Benzo (k) fluoranthene | pg/L
Indeno (1,2,3-cd) pyrene ug/L Indeno (1,2,3-cd) ug/L
pyrene
PAH - total ua/L PAH - total pa/L
Unfiltered unacidified, lab bottle for GC-MS VOC: - Monthly
Benzene ug/L -
Carbon tetrachloride ug/L -
Chloroform ua/L -
1,2 Dichlorobenzene ug/L -
1,3 Dichlorobenzene ua/L -
1,4 Dichlorobenzene ua/L -
1,2 Dichloroethane ug/L -
Dichloromethane ug/L -
Ethylbenzene ug/L -
m/p-Xylene ug/L -
MTBE ug/L -
0-Xylene ug/L -
Tetrachloroethene ug/L -
Toluene ug/L -
Trichloroethene ug/L -
1,1,1 Trichloroethane ug/L -
Filtered unacidified, 60 ml LDPE sample for anions Br mg/L Br mg/L Monthly
by IC
aﬁd | by ICP-MS and HCO3 and NH4(gw only) Cl mg/L Cl mg/L
F mg/L F mg/L
HPO, ua/L HPO, ug/L
NO, mg/L NO, mg/L
NOs mg/L NO3 mg/L
SO, mg/L SO, mg/L
NH. mg/L - mg/L
HCO; lab mg/L HCO; lab mg/L
Filtered acidified, 30 ml LDPE for ICP-MS Ag pg/L Ag ua/L Monthly
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Al pa/L Al po/L
As pa/L As po/L
B pa/L B po/L
Ba pg/L Ba ug/L
Be pg/L Be ug/L
Bi pg/L Bi ug/L
Ca mg/L Ca mg/L
Cd pg/L Cd ug/L
Ce pg/L Ce ug/L
Co pa/L Co po/L
Cr pa/L Cr pa/L
Cs pa/L Cs po/L
Cu pa/L Cu po/L
Dy Ho/L Dy Ho/L
Er pa/L Er pa/L
Eu pg/L Eu ug/L
Fe pg/L Fe ug/L
Ga pg/L Ga ug/L
Gd pg/L Gd ug/L
Hf pg/L Hf ug/L
Ho pg/L Ho ug/L
K mg/L K mg/L
La pa/L La po/L
Li pg/L Li pa/L
Lu pa/L Lu po/L
Mg mg/L Mg mg/L
Mn pg/L Mn pa/L
Mo pg/L Mo ug/L
Na mg/L Na mg/L
Nb pa/L Nb uo/L
Nd pa/L Nd uo/L
Ni pa/L Ni uo/L
P mg/L P mg/L
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Pb pa/L Pb po/L
Pr pa/L Pr po/L
Rb pa/L Rb po/L
S (total) mg/L S (total) mg/L
Sb pg/L Sh ug/L
Se pg/L Se ug/L
Si pg/L Si ug/L
Sm pg/L Sm ug/L
Sn pg/L Sn ug/L
Sr pa/L Sr pa/L
Ta pa/L Ta po/L
Tb pa/L Th po/L
Th pa/L Th pa/L
Ti pa/L Ti pa/L
Tl pa/L TI pa/L
Tm pg/L Tm ug/L
U pg/L U ug/L
\% pg/L \% ug/L
w pg/L w ug/L
Y pg/L Y ug/L
Yb pg/L Yb ug/L
Zn pg/L Zn pa/L
Zr pg/L Zr pa/L

Table 7 Table of analytes proposed for groundwater and surface water characterisation
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