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Summary:

We provide a background to several sites being investigated within this project, and
identify possibly useful sources of information that could be interrogated or modelled
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and where it can be found.
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CKA& NBLRNI Aa | L®DS AEKSWRY HaiBRmkdy i & nhE urdosSprojgdt w a
which aims to develop a novel and potentially disruptive technology solution that can help satisfy the
European needs for critical raw materials (CRM) combined with energy production.

This report identifies sources pfe-existing data that underpin datasets and models for the sites being
AYOQSAUAIl 0 B 2N SINES {0/ WINRP2SOUP ¢KSAS aA0Sa | NBY

1 High enthalpy volcanic geothermal ared®eykjanes, Iceland; Tuzla, Turkey

1 Low salinity water in fractured crystallimeck¢ Cornwall, UK

9 Saline water in sedimentary basigsorthern Germany

1 Alkaline geothermal are@Olkaria, Kenya

1 Metamorphosed flysclg Seferihisar, Turkey
Information on each of these is reported in a separate chapter. This report provides a broefuirtion
to the study areas and identifies the broad types of data and datasets already generated. It does not
discriminate between opefile and restricted information, just identifying what exists. There has been
no attempt to interpret those data in theeport ¢ this will be part of other Work Packages within the
project.
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Geothermal fluids often carry high amounts of elements that the EU considers as critical raw materials
(CRM), and preliminary calculations show tee¢n a single borehole has the potential to produce single

digit percentages of the EU needs. Combined extraction of heat and minerals maximises returns on
investment, minimises environmental impact, requires no additional land use, leaves no miningsggaci
hasnead SNB OF Nb2y F220LINAY(IZ YR SyIr-8a§8aKKRRIVISAEAALQ
aims to open up a potentially huge untapped resource and deploy solutions to help Europe fulfil the
strategic objectives of the EU Green Deal and thendgéor Sustainable Development.

¢2 aaSaa 20SNIff -A8PRIKENNREOYIMNRESOGKBA W] wayf |1
atlas by collecting new data and sampling boreholes for their CRM content in Europe and Eadt Adrica
important however, to also utilise existing information as a foundation for updated datasets and new
models, which for some sites could be extensive. Hence, we bring together sources of information, in
order that more detailed investigations in tipeoject can more efficiently access the data they need.

This report identifies sources of pexisting data that underpin datasets and models for the sites being
AY@SaitAIl 6 IR 2N SINGS W/ wINP2SO0d ¢KSAaS aadsSa I NBY
High enthalpy volcanic geothmal areas Reykjanes, Iceland; Tuzla, Turkey

Low salinity water in fractured crystalline rogiCornwall, UK

Saline water in sedimentary basig&rol3 Schnebeck, northerrGermany

Alkaline geothermal areaOlkaria, Kenya

Metamorphosed flyscly Seferihisar, Turkey

= =8 =4 =4 =9

Information on each of these study sites is reported in a separate chapter, authored by different partners
within the project. We aim to provide a brief introduction to each of the study areas and identify the
broad types of data andatasets already in existence. We purposefully do not discriminate between open
file and restricted information, just identifying what exists. Access to some of the information and datasets
should therefore be via the experts who author each chapter. Thasbeen no attempt to provide a
detailed interpretation of those data presented in the reparthis will be part of other Work Packages
within the overall project.

The following 5 chapters present summaries of availableaggehl, geochemical and other data related

to geothermal areas in several countries in Europe and Africa, with special focus on England, Germany,
Iceland, Kenya and Turkey (2 sites), see Figures 2.1 and 2.2. Although there is some variation in detail and
extent, it is hoped that the chapters provide a useful resource to enable quick identification and checking

of data holdings; many of which are openly available. However, much of the data on crustal fluids reflect
conditions at <1000 m deep, often less thihis, and are only abundant for the near surface.

CRM-GEOTHERMAL_D.2.1 Page9/ 121
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Figure 2.1The five European study site areas on a generalised heat flow density map, based on the @dathefmal
Resources in Europe (after Hurter and Haenel, 2002)
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Figure 2.2TheOlkaria, Kenya, study site area (red box) in relation to east African major crustal lineaments and modelled heat
flow (after Jones, 2020)
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Fluid chemical data below 1000 m are scarce and limited to areas targeted for deep qrglictp as
geothermal sies and hydrocarbon exploration. In general, hydraulic conductivity and the magnitude of
fluid flow are low at depth, and fracture permeability is a key factor in fluid movenidm.composition

and salinity of brines and waters dépthvaries considerablipetween countries reported here. Usually
concentrations of total dissolved solids (TDS) increase with depth, with the highest values found below
1000 m. Having said that, the deep waters of sewdst England do not follow this trend and, though
they areenriched in elements such as lithium, afeelatively low salinity.

The first two sites are high enthalpy volcanic geothermal areas, and they are described in Section 3. The
first of these sites is th®eykjanes geothermal systeniceland. This site is a bashtisted, seawater
dominated active geothermal system located on the southwestern tip of the Reykjanes Peninsula, and is
an onland extension of the Mid\tlantic Ridge. The geothermal field hosts a 100MW geothermal power
plart that was commissioned in 2006. 39 boreholes have been drilled into the geothermal system reaching
depths of 10364500 m including the second Iceland Deep Drilling Project borehole -2DTHe average
reservoir temperature is around 300 °C, though theDH2 borehole reached temperatures of
approximately 450 °he hydrothermal fluids are enriched in chloride and carry notable concentrations

of metals such aSu, Zn, Pb, and also some Ag and Au. The concentrations of Cu, Zn, and Pb are similar to
thosei/ Wofl O1 a4Y21SNXD RA&AOKI NBHSAaA®

The second high enthalpy geothermal site, Thezla geothermalfieldis described in the second part of
Section 3, and is one of the most important geothermal fields in Turkey in terms of temper&tany
studies have been caed out to investigate the geology of the region and to determine the characteristics
of the geothermal system. The geothermalfield is quite complex, being a hybrid formed by an overlying
magmatiecontrolled geothermal reservoir in volcanic rocks, ardeaper reservoir consisting of a fault
controlled system in metamorphic basement rocks. Geothermal boreholes have been drilled by both the
government and private companies, reaching bottbole temperatures of up to 175 °C, with produced
waters up to 165C at the wellhead.

Until recently, deep geothermal energy research in the UK was limited to the Hot Dry Rock programme of
the 1980s, where 3 boreholes in Cornwall were used on a test systerd.&tn. In recent years however,
increased interest in rerneable energy has led to significant industry investmerganth-west England

which is the focus of Section 4. Deep geothermal boreholes have been drilled (to about 5 km) into two
radiogenic granites:

- The Carnmenellis Granite at United Downs (aimed atgegwoduction + a smaller amount of heat).

- The Saint Austell Granite at the Eden Project (aimed at heat extraction [and potentially a smaller
amount of power in the future]).

Both reached bottorvhole temperatures of over 180 °C. Shallower drilling (tokind is also ongoing to
investigate the potential for dissolved lithium resources, + low enthalpy water. Lithium concentrations of
up to approximately 260 mg/L have been found in the relatively dilute;plg waters.

The fourth area described in SectiorsmatGrof3 Schonebeck, northern Germamgnd is part of the North
German Basin. This is a rift basin formmagt of a larger structure stretching in two directions; in a nerth
south direction from the Southern Baltic Sea and North Sea across northerna@gtmthe German
Mittelgebirge (low mountain range), and in an eagtst direction from Poland to the Netherlands.
Various of the formations within the basin are exploited for geothermal purposes: Rotliegend sandstones
and underlying Permocarboniferous I¢anic rocks, Bunter sandstone, Muschelkalk (limestone), Upper
Keuper (various sandstonesgnd Jurassic Hettang sandstone. Extraction of raw materials from
geothermal fluids is already considered and tested for brines from the Upper Rhine Valley (artahtin
sedimentary basin in a rift valley), where methods of lithium extraction are also being investigated at
several geothermal sites (e.g. Insheim, Bruchsal).
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The most southerly of the sites @lkaria, Kenyaand this is the focus of Section 6. T$iteis part of

the EastAfrican Rift System (EARS) was initiated around 45 Ma ago, and there is a close association
between doming, rifting and alkaline magmatishie volcanic activity and hence the geothermal
potential are the highest in the northeaster part of the EARS (Djibouti, Ethiopia, Kenya,
Tanzania)vith estimated geothermal resources >20 GW. However, at present it is only utilized in Kenya
(c. 700 MW) and Ethiopia (c. 10 MyV In Kenya, the focus has been in the central Kenya rift, and in
particular atOlkaria.Drilling started in 1956, and currently there are over two hundred deep wells down

to 3 km, producing water to about 240 °C. In some areas, temperatures at >2 km are >400 °C. Many of the
hot springs have alkaline pH, up to c. 10 andtgpeally NaHCQor NaCl type waters with high fluoride
content. Little emphasis has been placed upon the potential enrichment of critical metals in the
geothermal watersinthe EARS, including those of the rare earth elements (REE), and hence &inésis a

in need of more detailethvestigation.

The final site is described in Section 7, which Seferihisar Turkey This geothermal field lies south of

the one at Tuzla. Itis a high enthalpy area again, but with the geothermal reservoir locatéa théh
Bornova Flysch Zone, which consists of deformed MaastrictRi@leocene greywacke and shale with
Mesozoic limestone and ophiolite blocks. Geothermal activities in the Seferihisar area have been known
since before Roman times, and the numerous785 C springs in the region have been used traditionally

for bathing and washing purposes. Over 40 boreholes have explored the geothermal field, with most
presentday produced waters in the vicinity of the Tuzla Fault Zone varying betwe&B®0C. However,

in deep (to 2.1 km) boreholes intended for power production, bottbatke temperatures of over 205 °C
have been recorded. The meteoderived waters are NaACl dominated, and are relatively saline.

HURTER S. and HAENEL, R., 2002. Atlas of Geothermal Resources in Europe. B¥entvedtier
Research and Innovation, European Commission. GGA, Hannover, Germany. 92p., 89 plai4S. pp.47
ISBN92828-09994.

JONES, D. J. R. 2020. A summary of the East Africa Rift Temperature and Heat flow Model (EARTH). Britist
Geological Survey Open Report, OR/20/006. 24pp.

SCHWARZ, G., RIPA, M., THUNHOLM, B., SHAW, R.A., BATEMAN, K., DEADY, E., LUSTY, P., RAMALH
MATOS, J.X., CARVALHO, J.GAHER, MARINCEA, S., BALTRE COSTEA, C., DUMI{ A
PREDA, G., BISEVAC, V. and FERNANDEZ, |. 2016. CHPM2030 Deliverdbpdtlch data
availability. CHPM2030 project, University of Miskolc, Hungary, 241pp.
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In this section we consider two higdmthalpy sites:

1 Reykjanesin Iceland

1 Tuzlain Turkey
These sites are important as they involve the highest temperatures involved in this study, and fluid
chemistry and rates of fluidock reactions will be at the more extreme end of the range covered during
the CRMgeothemal project.

The Reykjanes geothermal system is a bdsadted, seawatedominated active geothermal system
located on the southwestern tip of the Reykjanes Peninsula, SW Iceland. Its presence results from a crustal
thermal anomaly askiated with the oAand extension of the Miditlantic Ridge. The Reykjanes
geothermal field is one of the smallest hitgmperature fields in Iceland, with surface manifestations and
altered ground covering an area of ~1%nThe average reservoir temgeure is ~300°C with a natural

heat flow of ~130 MWth (Fridriksson et al., 2006). The geothermal field has been explored for decades
and currently hosts a 1000W geothermal poweiplant that was commissioned in 2006. Since 1956, 39
boreholes have been dedtl into the geothermal system reaching depths of 1036 m to 4500 m including
the second Iceland Deep Drilling Project borehole, 2DFhe discharge fluid rate is 520 kg/s.

The Reykjanes Peninsula consists of young\hermeable basaltic formations, and is tectonically active

and transected by an intense NEW trending fault zone, the continuation of the median fault zone of the
Mid-Atlantic Ridge Ejornsson et al., 1990 The Reykjanes volcanic and geothermal system is the
westernmost system in Iceland's western neovolcamane (Figure 3.1). This volcanic system is
characterized by oblique extensional tectonics and episodic fissure eruption volcarsnddrson and
Larsen, 200) The Reykjanes Peninsula lacks central volcanoes with shallow secondary magma chambers,
rather heat is provided to the geothermal system through dikes oieiat depth Gudmundsson, 1995

The most recent volcania@ptions at Reykjanes occurred in 2021 and 2022, and were fed directly from
the mantle (Halldérsson et al., 20).

The Reykjanes Peninsula lies less than 40 m above sea level, and the rocks within the system are highly
faulted and porous. Rainwater cantenthe system easily, as a result of the high permeability, and
outside of the Reykjanes geothermal area a thin lens of fresh water (s tBtk) overlies the seawater

that comprises most of the groundwater (Sigurdsson, 1986). Continuous tectonic amdatiagctivity
facilitates the circulation of groundwater and seawater through the basaltic crust (Fridriksson et al., 2006).
The Reykjanes thermal area sits at the center of swarms of active faults that facilitate hydrologic
convection, where seawater inisions occur below about 1500 m depth (Kadko et al., 2007). The high
heat of the thermal area causes the groundwater to flow nearly to the surface, and this results in pressures
that are below those of adjacent groundwaters of similar elevations outdmde geothermal system
(Témasson and Kristmannsdottir, 1972).
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Figure 3.1Geology of Iceland, and the location of the Reykjanes geothermal field, showing boreholes and powerplant.

The Reykjanes geothermal system is centered in a prominertaifé graben, however, many of the
associated faults are covered by Holocene lavas and not exposed at the surface (Figure 3.2). This is
especially true on the western side of the peninsula vehaung (< 2 ka) lava flows dominate (Fridleifsson

et al., 2014). The orientation of feed zones and the temperature distribution has led to the development

of a model that has upflow at Reykjanes controlled by the intersection of gWErending zone of

normal faults and fissures, with a shor¢ 8l fracture and NWSE transform fault (Sigurdsson, 2010).

The upper ~1 km of the Reykjanes system is dominated by hyaloclastite tuff, breccias, pillow basalts, and
tuffaceous and marine sediments. The deeper pafthie system are composed primarily of basaltic lavas

and diabase dikes (Marks et al., 2010). Altered tuffaceous and sedimentary successions at depths of 400
to 800 m act as a capck to the hydrothermal system (Fridleifsson et al., 2014). A low resistiromaly

at ~10 km below the surface of the Reykjanes geothermal system has been interpreted as a dense,
partially molten, sheetedlike complex or a large cooling gabbroic intrusion, and likely serves as the heat
engine that drives the shallower hydraimal system (Fridleifsson et al., 2014).

Upflowing hydrothermal fluids in the Reykjanes geothermal system first boil at a depth of ~1300 m and
follow the boiling point with depth curve until they reach the base of the cap rock at roughly 700 m
(Franzson eal., 2002; Fridleifsson et al., 2014). Deeper in the reservoir, conditions follow an adiabatic
gradient through a freely convecting zone down to a minimum depth of ~2.5 km for most parts of the
field (Franzson et al., 2002). With further increase in depémperature rises due to conductive heat
transfer indicating low permeability in these regions (e.g., Fridriksson et al., 2015). Measured reservoir
temperatures at Reykjanes are commonly in the range of 280 °Cto 300 °C, however, temperatures as high
as~350 °C have been measured (Fridriksson et al., 2015).
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Figure 3.2Location of the Reykjanes geothermalfield in relation to its middle fissure zone. The geothermal fieldis observed at
surface through soil temperatures whereas the reservoir tempemis ~300°C in feed zones, mainly at depth of d0®@ n n Y
(from Seemundsson et al., 2020).

The hydrothermal fluids at Reykjanes are characterized by elevated chloride concentrations and mildly
acid pH values (Arnérsson, B)7and considered to be predominantly of seawater origin with addition of
YAY2N) YSGS2NARO 41 GSNI 6t 21LIS SO FfdX Hnngod2H KS NI
signature of presently circulating fluids (Pope et al., 2009) suggestgiaatallyderived freshwater
dominated the system at some time during the Pleistocene (Franzson et al.,, 2002). The pH of the
hydrothermal fluids is about 5.5, lower than is typically the case in other hydrothermal fluids of meteoric
water origin in Icelan@Stefansson and Arnérsson, 2002; Kaasalainen et al., 2015).

The major element chemistry of the hydrothermal fluids represents an equilibrium composition at the
relevant reservoir temperatures. For example, the dissolved concentrations of silica, spditassium,
calcium, sulphate, and carbonate are controlled by the solubilities of quartz, aldi&ldpar, anhydrite,

and calcite. Fluoride activity is thought to be controlled by anionic exchange reaction where it substitutes
for hydroxyl groups in pHlosilicates. The ratios of individual cations and hydrogen ion are governed by
ionic exchange equilibria with hydrothermal minerals, probably smectite and chlorite (Arnérsson, 1978).

The hydrothermal fluids at depthave a relatively high concentratiori smany metals and metaloids.
Concentrations include 152431 uM Fe (8140 ppm), 202261 yuM Cu (1417 ppm), 7%393 uM Zn (§

27 ppm), 0.61.4 uM Pb (126290 ppb), 6§31 nM Au (&6 ppb), and 25960 nM Ag (28107 ppb) and

~900 puM Li (6.3 ppm), orders of mayide greater than seawater concentrations. Fluids discharged at
surface from the same wells have often orders of magnitude lower metal concentrations due to
precipitation caused by depressurisation boiling. The concentrations of Cu, Zn, and Pb in the high
temperature reservoir liquids at Reykjanes are similar to those in the higbegterature black smoker
discharges (Figure 3.3) (Hardarddéttir et al., 2009).
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Figure 3.3Trace element concentrations in reservoir hydrothermal fluids at Reykjanes, arslaanple collected from surface
(from Hardardottir et al., 2009).

The second Iceland Deep Drilling borehole, 1R2DWas drilled at Reykjanes in 2@P817 by deepening

an earlier borehole, RI5. The total depth reached was 4659 m (Fridleifssoal.e0D). Today, this is

the deepest highemperature geothermal borehole in the world. Bd#500 m depth, the metabasalt and
metagabbro show hydrothermal alteration at ~#900°C. Paragenetically later alteration assemblages
record continuing alteration down t600°C in the latesstage, crosscutting veins (Zierenbergaét

2021). Hydrothermal fluids were not directly recovered from depth, but based on fluid inclusion analysis,
two separate phases exist: an®irich vapor and an FEcrich brine containing 200 >3k 3 / dzz o0 &
'3 médn >3Jk3T !'S YR nodmn >3Ik3I ! dzd hOOF arzylffex
These findings indicate that the borehole intersected Féglergy vapor, which is valuable for energy
production, and discovered potentially oreforming brine (Bali et al., 2020).

The alteration mineralogy in the subsurface of the Reykjanes geothermal system is primarily based on
analysis of drill cuttings of rocks, both cigMine basalt and hyaloclastite fragments. Host rocks of the
Reykjanes geothermal system are extensively altered by the circulating hydrothermal fluids. A prograde
geothermal alteration assemblage is developed with depth consisting of mixed layeredmtbgslarite

in the top 700 m followed by an alteration zone composed of mainly chlorite, quartz, epidote and
anhydrite (Franzson et al., 2002\t depths >1200 m, actinolite appears within the alteration mineral
assemblage (Figures 3.4 and 3.5).

The alteration shows distinct characteristics. Hyaloclastite fragments are typically highly altbexdag/
basalts from the same depth interval are commonly minimally altered. Additionally, alteration
assemblages differ in the two rock types, with hyaloclastite hosting secondary epidote, prehnite, chlorite,
titanite, garnet, plagioclase, clinopyroxene,nda quartz. Basalt alteration includes albitization,
uralitization, and at advanced stages of alteration, replacement of secondary albite by potassium feldspar.
Titanite typically occurs as firgrained disseminated crystals forming discontinuous rims atauimerals

that have been replaced by chlorite. Vein minerals include calcite, quartz, prehnite, epidote, hydrothermal
clinopyroxene, and, rarely, anorthite that appears to be of hydrothermal origin. Although crosscutting
relationships can be difficult tdistinguish from cuttings alone, a number of veins that intersect both
crystalline basalt and hyaloclastite have different assemblages than the groundmass they cut (e.g.
epidote-hydrothermal clinopyroxene cutting relatively fresh basalt) (Marks et al.0R01
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The interaction of the host rocks with the hydrothermal fluids results in substantial trace element mass
changes with elements including Ba, Zn, Cu, Ni, Sr, Rb, As and Cd being enriched in the altered rocks.
Barium is for example contained inféddgars, whereas Fe, Mn and Sr are enriched in carbonates and
elements like Au, Cu, Ni, Pb and Zn in sulfide minerals (Figures 3.6 and 3.7) (Libbey and)dfikiams
2016a; 2016b). Based on these findings it has been concluded that the Reykjanes geatystenais

an active equivalent to an epithermal edeposit.
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Figure 3.4Lithostratigraphy, alteration zones, and distribution of secondary minerals (below the smectite zone) with depth in
RN17. Feed points are inferred from loss of circulation aewhperature logs, all are considered to be minor (Marks et al.,
2010).
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Figure 3.5Alteration index and type, and calculated elemental mass changes for the Reykjanes geothermal system (Libbey and
WilliamsJones, 2016a).
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Figure 3.6Major and traceelement concentration in altered rocks in Reykjanes (Libbey and WiHlamss, 2016b).
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Figure 3.7Trace element concentrations in sulfide minerals ddnatitein the Reykjanes geothermal system (after Libbey et
al., 2016b)

Geothermal mineral deposits (scales) are common in pipelines at Reykjanes. In particular, sufilitssand

scales are common. These mineral scales have formed under a range of conditions from high pressures
and temperatures at depth (>2 km) to being associated with boiling, and pressure decreases in surface
pipelines. Many of these scales are enrichetrace elements, including; Cu, Zn, Cd, Co, Te, V, Ni, Mo, W,

Sn, Fe and S in higher pressure and temperature scales, and Zn, Cu, Bi, Pb, Ag, As, Sb, Ga, Hg, Tl, U and "
in lower temperature and pressure scales at the surface. A number of elementCe.§e, Cd, Zn, Cu,

and Au) are deposited at both higand lowpressure scales. Boiling and destabilization of mbearing

aqueous complexes are the dominant control on the deposition of most metals (particularly Au). Other
metals (e.g. Cu and Se) mdsoahave been transported in the vapor phase. Very large enrichments of Au,

'3 YR to Ay GKS a0lFftSa o0So®ad ¢dpny LILI ! dzZ HOZHT
cases (e.g. Grant et al., 2020; Hardardottir et al., 2010).
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Figure 3.8.Condtions of various mineral scale formations at Reykjanes (after Grant et al., 2020)

Figure 3.9.Photographs of scales in surface geothermal well pipes. A) Looking upstream-préssiure well RM 1. Blue Cu

(FeYadzf FARS a0l f Sa repredbminattifi the yaselokte GipeyBS Glageirhald of scale on the upstream
side ofthe OP in highressurewellRMm® ¢KS &a0FtS GKAOlySaa Aa dnop OYD /0 { O ¢
in low-pressure well RM3B. Grey scalqs gnerOP are dominantly sphalerite scales, and scales on the FFCV have a slight blue
tintindicatingmore CyFe)a dzf FARSAa (GKI'y 2y GKS ht® ¢KS aoOltS (4resGieySaa Aa

well RN14. Blue CyFe)sulfides are dominant.S & Ol £ S GKAOlySaa i GKS o6lasS 2F GKS
upstream from the orifice plate towards the wellhead in higtessure well RI22. There is a thin coatof blue (Eesulfide)

lining the pipe where steam would have been dominaamd gray where liquid was dominant (from Hardard®éttir, 2010).
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Exploration of the Reykjanes geothermal filed started in 1956 when the first well was drilled. The field
was investigated extensively in the years 19880 when additional 7 exploration wells were drilled.
Drilling for power production commenced in 1998. Currently, 34 wells have been drilled, and 18 of them
are contributing to steam provision with an average temperature of 290 °C down the wells. e sin
flash condensingype geothermal power plant was commissioned in 2006 with a total capacity of 100
MW and with approximately 96 MW net electrical output to the grid (Figure 3.10). Design of the power
plant has two major unique features; one is havimg @f the highest turbine inlet steam pressure in the
world (18 bar) in order to impede silica scaling in exposed components. Another specific feature of the
plant is the use seawater for cooling, excluding cooling towers. The Reykjanes power plarnyisHan
Orka, hf. This is privatelyownedcompany who has developed geothermal and other renewable energy
applications since 1975.

Figure 3.10Reykjanes geothermal powerplant (sourtetps://ficelandmag.is/article/radioactivevaste-discovereda-
reykjanespeninsulageothermatpower-plant).

The Reykjanes geothermal system is a bdsadted, seawatedominated active geothermal system
located on the southwestern fi of the Reykjanes Peninsula, SW Iceland. The average reservoir
temperature is approximately 300 °C and hosts a 100 MW geothermal power plant.

The geothermal alteration shows depth zone distribution; a prograde geothermal alteration assemblage
with mixedlayered clays and chlorite at the top, followed by zones mainly of chlorite, quartz, epidote and
anhydrite and appearance of amphiboles at greater depths.

The hydrothermal fluids represent modified seawater with addition of meteoric water. The major eleme
composition is controlled by minerfllid equilibria. The reservoir hydrothermal fluids are enriched in
many trace metals and metaloids that are often deposited in boreholes and pipelines upon
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depressurisation and boiling to form metahriched scalesontaining high concentrations of for example
Pb, Zn, Cu, Ag and Au.
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Tuzla geothermal field (TGF) is one of the most important geothermal fields in Turkiye in terms of
temperature. Numerous studiebave been carried out to determine the geology of the region and to
determine the characteristics of the geothermal system. Geothermal wells have been drilled in this power
plant by private companies and the government. In the geothermal wells, tempemsatare
approximately 174 °C at the wddbttom and 166 °C at the wellhead. There are two reservoirs in the TGF.
The first of these reservoirs is hosted by volcanic rocks, and the second by metamorphic rocks, which are
basement rocks. There are also radioidesrich granite rocks that cut the basement rocks. The TGF is
currently recharged from the first reservoir. Many Magneto Telluric (MT) studies were carried out by
private companies in the TGF in 2006, and the tectonic features of the field were examautegail. The

Tuzla geothermal field represents an active geothermal regime. The shallow geothermal system
associated with hydrothermal activity following Miocene magmatism/volcanism was formed by the
overlapping of a deeply recharged geothermal systeat 'merged with the development of the Tuzla
fault. Therefore, the geothermal system resulted in the development of reservoirs at two different depths
and characteristics. Accordingly, the Tuzla Geothermal Field is a hybrid geothermal field formed by
overlying a magmaticontrolled geothermal system with a normal faglbntrolled active geothermal
system.

Tuzla is the most complex geothermal field in northwestern Tulrkiye, some 80 km south of the city of
Canakkale and 5 km from the Aegean Coast (Figure.3rifl)e TGF there are currently 4 geothermal
wells (3 production wells, 1 reinjection well) with depths varying between 539 and 871 m.

AU g 3
Figure 3.11Power plant at the Tuzla geothermal field.

The geothermalield is observed at surface through elevated soil temperatures, whereas the reservoir
temperature is approximately 300°C in feed zones, mainly atdepth ofa7001n Y 0{ n Ydz/ Ra a2
2020).

Tuzla geothermal field and its surroundings, located inribgh of Tirkiye, have been the subject of
various geological research before, due to both being in an active fault zone and being one of the most
important geothermal fields in Turkiye (Ercan and Tirkecan, 1985; Karamanderesi, 1986; Mitzenberg,
Mphn T FATYVEA mMmpyoT Sy SNJ I-afétd mBt&n@iiR YoEks farm the hiasementioff S 2 1
the Tuzla field, and mainly consist of quartzite, calcschist, chlorite, biotite, muscovite schist, and marbles.
Metamaorphic rocks consist of different types of roeksording to the chemistry, type, environment, and

facies of the primary rock and the degree of metamorphism they have undergone. Marbles, which are
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accepted as the most important lithological unit forming the second reservoir in the TGF, are exposed
overa very wide area. A simplified geological map of the study area is given in Figure 3.12.

Explanations
Geothermal well Border Non welded tuff
@ Production well Alluvium Debris flow deposit
@ Reinjection well Claystone sandstone Trachyandesite
— Tuzla river Conglomerate — Fault
Stream Slightly welded tuff
Probable fault Extremely welded tuff

m Km
0 0.2 0.4

Figure 3.12Geological map of the Tuzla geothermalfield.

¢tKS KAOlySaa 2F GKS YINDPES Ay (GKS FASER Aa | 02c
seen as a single thick level. Thick marble levels are generally white and coarsely crystalline. Volcanic rocks
are generally composed of latitefdg lava, rhyolitic tuff and agglomerates, and ignimbrites, together with
effective volcanism. Various types of lava (andesite, dacite, etc.) were also observed in the geothermal
field. Volcanism was active throughout the entire Miocene time. The ignintoigiened in the last stage

of the volcanism in the region are covered by sediments of Upper MiePéoeene age, consisting of
conglomerate, sandstone, limestone, and clayey limestone alternations. The Quatageahalluvium,

located at the top of thetsatigraphic section, formed the Tuzla plain. Tuzla Plain consists of alluvial
permeable units consisting of gravel, sand, and clay with a thickness of up to 100 m from the edge of the
Tuzla Stream valley to the middle and contains groundwater. Tuzla geoéhwater represents the

active thermal regime and is a region associated with hydrothermal activity following Miocene volcanism

0 SYSNJ I YR DS@NB | Jormutheresarvdir of: tAef g@dthgrinad fluiti AViddedeged

volcanic rocks in the studyrea were affected by faults in the NBE direction. Around these faults, which
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provide the formation of hot water springs, silicic and argillic alteration are clearly observed. Currently,
the active thermal regime in TGF is associated with volcanisnorMaplogical structures in the study

area are controlled by 18 and NWSE trending faults. 48 directional fault systems are located at the
boundary of Neogene sediments and Quaternary alluvium. Neogene sandstone and claystone are cap
rocks of the systeniT here are many springs alongS\tirectional fault systems. The 3D conceptual model

of the TGF is given in Figure 3.13. While creating the conceptual model, borehole logs of all 4 wells in the
field were used to obtain a more accurate model. The model @laained using licensed Leapfrog
Geothermal software.

Explanations

[ Attuvium

[ claystone
- Conglomerate
[ 'gnimbrite
- Ayvacik lava
- Trachyandesite

Neogene
sediment

Elev (2)

Figure 3.133D conceptual model of the Tuzla geothermal field.
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3.2.2 Geothermal exploration and exploitation

Geothermal study of the Tuzla field began some 20 years ago by a geological and volcaralogey

o't LIy wmMbtpT FYAf IAL MpccT 9NR2EFY wMdpccT «NHG
geophysical survey (Demirérer 1971; Ekingen 1972). Based on this survey about 10 thermal gradient wells
were drilled to 50 100 m depth in 1974. High teweratures (145 °C) were met at about 50 m depth in

some of these wells, and due to vigorous boiling within the wells two of them were lost in blowouts
(Karamanderesi and Ongiir 1974). The result of these studies gave reason for the drilling of deep
exploration wells. Two deep wells were drilled in the field in 1982 and 198301814 m depth and-Z

to 1020 m depth. Circulation losses were experienced in both wells, and the highest temperature
measured was 173 °C. Since then, a detailed study of the sualéeration has been published (Gevrek

I YR SYSNI mopyp0d aK2gAy3ad GKNBS &adaNFIF OS £ GSNF GA2,
and illite zone. A detailed investigation of the hydrothermal alteration of w&lig presented in section

3.3.1.

Tuzla geothermal system is divided into two; deep and shallow reservoirs. The shallow reservoir can rise
to the surface with the help of faults, especially within the thick volcanic cover in the region. This system
can be easily seen in the geotheal field and hot water outletsin the Tuzla region (Figure 3.14). The hot
water springs exit at more than 50 points and show a temperature change betwemnB38 ¢/ 6 9 NR O
al., 1996). In shallow drillings, temperatures were recorded up to 174 °C,reaadesian flow of 3®0 I/s

was found. In addition, it is known that recrystallized limestone was encountered under the volcanic cover
in deep geothermal wells. Conceptually, the hot fluid of the Tuzla fault system is thought to have dispersed
convectivey into permeable carbonate levels at depth. Therefore, the deep geothermal reservoir in the
region is probably recharged from the Tuzla fault system and spreads convectively within the carbonate
system, and gains the feature of a deep geothermal reserd@mperatures were recorded in this
reservoir as 13A35 °C, and an artesian flow of 40 I/s was found.

Reservoir 1 (Shallow reservoir):

Hosted by fractured structures developed in latitic andesite, trachyte, and trachyandesites within
ah20SyS OATAAAIO Mdpylo T AYSS1Z HANYyIZ HANPO P
Reservoir 2 (Deep reservoir):

Hosted by metamorphic units consisting of marble, calcschist, and quartzite. Terrizstusirine

sedimentary rocks and PlioceiioQuaternary units outcropping in the Tuzla geotherneddfform the
cover rock.

Figure 3.14Geothermal outflows in the Tuzla geothermalfield.
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A comprehensive study of cresatting vein relationships and mineralogical evolution suggests at least
two hydrothermal events ithe TGF. The first hydrothermal event, involved high temperature conditions,
resulting in contact metamorphic cadilicate mineralization, including garnet, epidote, chlorite, sphene,
magnetite, actinolite, diopsite and prehnite. The second hydrothereadnt, which relates to the
presentday hydrothermal system is evidenced by smectite, mixed layer clay, kaolinite, mica, pyrite,
haematite, quartz, calcite, barite and gypsum.

In the lower part of the well, calcitquartz veins are found in the granodi@iaind monzonite intrusions,
while clear crossutting evidence was not found between these and the higimperature calesilicate
minerals. The high temperature cadificate mineralization, however, is lacking in well, &s are intrusive
rocks, whichs then taken to imply that the cakilicate mineralization in-Z is related to an episode of
contact metamorphism (Figure 3.15). Therefore, two hydrothermal mineralizing periods are realized from
the lower part of well 12; that of early contact metamoipsm (garnet, magnetite and diopside) and
associated highemperature hydrothermal system (chlorite, epidote, sphene, actinolite), followed by the
superimposition of the presenfay calcitequartz-clay mineralization. Evidence of a higgmperature
hydrothermal system established by the granodiorite and monzonite intrusive activity is therefore not
found in the overlying subaerial volcanics. This implies that theteigiperature hydrothermal activity

of late Tertiary age prelates the volcanic extrusive ¢ks, which confirms the chronological order of
volcanic rocks gathered from outside the Tuzla field. Evidently, this rules out the other possibility of a
contemporaneous origin of the intrusive and extrusive rocks in the Tuzla field (after Karamandigé}i, 1
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Figure 3.15T-2 (not active) well; distribution of minerals, temperature and mineralization zones (after Karamanderesi, 1986).

3.24.1 Water Chemistry of the Tuzla Geothermal Fluids

TGF is an interesting area in Turkiye from the point of its temperature and dissolved ions in the water. At
the surface, the waters reach temperatures o8 °C. The chloride concentration of Tuzla geothermal

brine reaches 38 g/L, whichis nearly twige$ O2y OSY (i NI (GA2y 2F &SI g6l G§SNE
On the other hand, the sodium concentrations reach up to 19 g/L The total outflow of water from
approximately 100 springs in the TGF field is estimated to be close to 50 L/s. In geothermalnwaters f

the TGF, the average pH and EC values range from 5.6 to 7.65 and from 83.2 to 86.2 mS/cm, respectively
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(Figures 3.16 and 3.17). The pH in the system is changing continuously. The water from the wells is acidic
due to an excess of free €@ree mineralacidity) which is the result of the high partial pressure of this

gas in the well. The temperature of geothermal fluid in well T9, T16 and T18 in Tuzla geothermal site is
164 °C, 166 °C and 169 °C respectively. In the TGRnAI&l are the dominant ios in the geothermal

brine. NaCl water composition indicates a marine origin and also watdr interactions. That said,
continuouswater rock interactions are the primary reason for the high salt content in the geothermal
waters.The fact that the geothenal waters in the TGF are NaCl type is an indicator of hydrothermal
activity. Active seismicity and hydrothermal activity in the region facilitate the upflow of geothermal fluid
from depth. The rising geothermal water cools to some extent and is dilutedibgg with groundwater.

The emergence of geothermal brine can be as a result of extensional tectonic regime where lithosphere
is thinner and uplift occurs due to isostasy (Keisuke, 1978). Active seismicity in the region makes it easier
for bine to ascendrom depth. The ascending brine is to some extent cooled and diluted by mixing with
groundwater. The outflowing of Nafith thermal brine indicates the presence of hydrothermal activity
(Mutzenberg, 1997; Baba et al., 2009).

The range of concentratioé minor components the geothermal waters are: B = 24.4 to 26.3 ppm; Al =
4.611t04.78 ppm; Li = 20.8 t0 22.6; Fe =5.49 10 6.48; Mn = 3.84t0 4.73; and Ba = 6.21 to 6.82 ppm (Fig.
3.18). The concentrations of other elements are notably lower: Co593pb; Ni = 1228; Pb = 14.00;

and Cu = 29 ppb. The highest Pb values are in well T15 and T18 (Fig. 3.19). Sr concentrations in
geothermal fluids range from 132 to 143 ppm. High Sr concentrations in the geothermal waters are
associated with volcanic rocksig. 3.20).
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Figure 3.16pH change in the TGF over a eyear period.
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Figure 3.17Electric conductivity (EC) change in the TGF over ayeaeperiod.
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Figure 3.18Metal concentrations in the geothermal wells (in ppm).
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Figure 3.19Trace metatoncentrations in the geothermal wells (in ppb).
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Figure 3.20Sr concentrations in the geothermal wells (in ppm)

3.24.2 Scale Properties of the TGF

The TGF is hosted by rhyolite lavas and {gyastic deposits. Base zone consists of calcschist, quartzite
and marble, which are metamorphic rocks that include quartz, orthoclase, albite and mica minerals. The
metamorphic rocks are covered by andesiticcamiic rocks; trachyandesite, trachyte and rhyodacitic
ignimbrite. These rocks, especially trachyandesite, include quartz, calcite minerals that are highly altered
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and covered by sediments and alluvium (Demir et al., 2014; Baba et al., 2008, 2009). &hdyartive
thermal regime in Tuzla is associated with volcanism.

The geothermal fluid undergoes physical and chemical changes during operation, causing scale problems
that reduce powerplant efficiency. Depending on the temperature and pressure chamtesreservoir,

the geothermal fluid whose physical and chemical properties change causes scaling problems in wells,
pipelines, and surface equipment. Deposition of silicate scaling is the main handicap in Tuzla geothermal
systems (Figure 3.21). This blem reduces the efficiency of the geothermal power plant and causes
economic losses. Scaling caused by the geothermal fluid was discovered immediately after the start of
operation. The type scaling is special and has not been encountered at other geathgystems in
Turkiye.

Although silicatébased scaling is main problem, PbS (Galena) and:{@@&l0ite) were detected in the
downhole and the surface pipelines (Figure 3.21).

Figure 3.21Scale formation in the borehole system of the TGF.

3.24.3 Sources of dissolved elements

The TGF is called hypsaline geothermal system due to high ion concentration, which occurs by the
interaction between water and volcanic rocks in TGF. The electrical conductivity (EC) value of Tuzla fluid
reaches 97.2 mS/cnilso, the chloride concentration reaches 38,000 ppm in the fluid, and the sodium
concentrations of the geothermal fluid can reach up to 19,000 ppm. The temperatures of the geothermal
fluids range from 386 °C at the surface, while the reservoir temperairange from 14200 °C.
Thereforethe TGF is significantly remarkable due to its temperature and dissolved ion concentrations in
the aqueous solution.

Geothermal studies on the TGF have been ongoing since 1966. The general geological and volcanological
characteristics have been studied by Samilgil (1966), Erdogan (unpublished datayiT86Report
[Geothermal energy possibility of survey and tectonic mapping of Tuzla hot springs and surrounding]),
Urgun (1971), Ongir (unpublished data, 193 A Report[Volcanology and geological report of
Canakkale Tuzla geothermal area, Ankara]), and Alpan (1975). Geophysical surveys were carried out by
Demirtrer (unpublished data, 19MTA Repor{Resistivity survey of Tuzkestanbol hot springs and
surrounding]) andekingen (1972). Hydrogeological characteristics of the geothermal waters in the TGF
were studied by some researchers (Baba et al., 2005; 2008; 2009).

As mentioned in previous section, the TGF is located near recent volcanic activity areas. The stightly aci
NaCl Tuzla brine flows out of places where the permeability is high (i.e. fault and fracture zones).
Eventually, the geothermal brine diffuses into shallower aquifers, which change its fluid chemistry. The
high concentrations of Mg and Fe are attribdt® the dissolution of ferromagnesium minerals within
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Miocene volcanic rocks which consist of trachyte, andesite, and trachyte andesite in the TGF (Demir et al.,
2014). Highly altered, these rocks include quartil#éspar, biotite, amphibole, sanidinehalcopyrite,

pyrite and hematite (Karamanderesi and Ongiir, 1974). The high trace metal content in thalihet
waters of the TGF results from rapid evolution of anoxic conditions in brines (Drever, 1997) and reduction
of the sulphite (S¢) formed by reations with trace elements. B and Sr concentrations in geothermal
fluids are extremely high in the TGF. This is related to volcanic rocks, but may also be controlled by the
degassing of magma bodies. Of these trace metals, Zn and Pb are known to buid cétlabide
complexes at high temperatures (White, 1968). Also, Tuzla brine includes siliga({8@225 ppm).

Quartz is soluble in the brine in the reservoir under high pressure and high temperature (Newton and
Manning, 2000). The lithium concentrat®of the geothermal watersinthe TGF can reach up to 22 ppm,
and are attributed to manganese oxide and aluminum hydroxide in the volcanic reservoir system (Demir
et al., 2014).

Geothermal fluids often contain high concentrations of dissolvextats and a mixture of gasses, some of
which are of commercial interest. Some elements, such as Li, are already known to occur in ecoromically
relevant concentration in geothermal fluids and extraction efforts are underway. Although other elements
also ocar in relevant concentrations in geothermal fluids (brine and gas phase) or in precipitates (solid
phase forming in geothermal settings = scaling/scales), {acgée commercial extraction has not been
undertaken so far. It was recently found that saltytalerich brines (containing e.g. Cu, Li, Zn, Au, AQ)
exist in active and dormant volcanoes across the world, and a commercial use was considered.

The geothermal fluids from the Tuzla geothermal reservoir are enriched in Li and Sr with values up to 23
ppm and 142 ppm respectively, and the Tuzla geothermal field may be a future target resource for Li
recovery in Turkiye. The geothermal waters also contain notable concentrations of other metals, such as
Pb and Co, which can lead to various types of scalinggn (calcite, silica, lead).

Based on existing information about the TGF, in WP2 of the-@&thermal project we aim to:

1 Determine the source and mobility of critical elements in the brine, in order to predict the
sustainability of extraction. Also torgvide guidance for future exploration for new CRigh
geothermal systems.

1 Characterize the process of CRM enrichment and mobilization irenitifalpy geothermal system
(e.g. the Tuzla Geothermal Field).

9 Calculate how long the extraction of CRM is economically viable before the brine becomes depleted.
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Until recently, geothermal energy research in the UK has been limited, partly due to a lack-of high
enthalpy resources, but also because of the availability of cheap fosts| during the 1980s and 1990s.
Previous research focussed on three main aspects: (1) a nationwide appraisal of heat flow; (2) energy
generation from hot brines in deep, hypsaline aquifers (HSA); and (3) energy generation from enhanced
geothermal sysgms (EGS) in hot dry rocks (Busby, 2010).

Heat flow measurements (Letal., 1987; Downing and Gray, 1986; Rollin, 1995; Rolih 1995; Barker
et al., 2000) place UK background heat flow at about 52 m¥with elevated values associated with
buried granites in northeastern England and radiogenic granites in seuéist England. The average UK
geothermal gradient is approximately 26 °Ckralthough locally it can exceed 35 °Ckm

The radiogenic granites of souttest England were assessed foeithHot Dry Rock (HDR) geothermal
energy potential as part of the HDR project during the 1970s and 1980s. This programme of work was
largely undertaken by the Camborne School of Mines to assess the performance of an EGS in the
Carnmenellis granite, in sduivest England. The test site operated a set of deep (betwegn52km)
boreholes to assess the feasibility of developing asfidle commercial HDR system at abog® &m

depth.

In recent years, increased interest in renewable energy technologies hat® Isiginificant industry
investment in southwest England. Geothermal Engineering Limited (GEL) and Eden Geothermal Limited
(EGL) have conducted deep (to 5 km) drilling to investigate the geothermal potential of the Carnmenellis
and St Austell granites, dnCornish Lithium Plc (CL) have conducted shallower drilling (to 1.8 km) to
investigate the potential of shallower resources for lithium in geothermal fluids at several targets along
the Porthtowan Fault Zone.

Southwest England, and in particular the region the northern side of the Carnmenellis Granite, was
chosen as a potential pilot study site for the Cig&bthermal project because of the relatively large
amount of data available for that regigrresulting from both its status as a historically imaont orefield
and because of the history of geothermal researchin the area.

The sections below are largely based on Shaw et al. (2016) and Schwarz et al (2016), updated to include
information from several recent studies in Cornwall. Their aim detgcribe some of the complexities of
the geology of the region and the several stages of fluid movement associated with the granite bodies.

The geology and metallogenesis of soutbst England is copfex and has been the subject of extensive
scientific research for more than two centuries. It was during the eighteenth century (c. 1778) that William
Pryce first attempted to synthesise the geology, mining practices and metallurgy of the region. A number

of important papers followed in the early to midneteenth century (Phillips, 1814; De La Beche, 1839,
Henwood, 1843) that sought to explain the role of granite and circulating fluids in the formation of south
gSaiu 9y3Iftl yRQa YAY ddefallogesid geodirice) eodering e\ cdunt & Caothyiall
FYR LI NI 2F (GKS O2dzyie 2F 5S@2y FTNRBY [lYyRQa 9y
Significant advances were made during the twentieth century in understanding the formation of the
Canubian Orefield, with the publication of nhumerous papers by Dines (1934 and 1956) and Hosking
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(1950, 1951, 1952, 1964, and 1969). Geoscience research during the past forty years has sought to refine
many of the earlier theories and concepts by the appiaraof geochronology (Chesleyf al., 1993; Chen

et al., 1993; Clarlet al., 1993; Clarlet al., 1994; and Darbyshire, 1995), isotope studies (Rouse and
Colman, 1976; Darbyshire and Shepherd, 1994; and 8hail., 2003) and fluid inclusion research
(Williamsonet al., 1997; Gleesoat al., 2000; 2001; Williamsoet al., 2000; and Mller and Halls, 2005).

Regional geological mapping by the British Geological Survey at 1:50 000 scale, and airborne geophysical
(i.e. magnetic and radiometric) and remote semg (i.e. LIDAR) surveys, flown as part of the TELLUS South
West project, have further contributed to the geological knowledge base. Comprehensive reviews of the
geology of soutlwest England can be found in Selwoedal. (1998), LeBoutillier (2002) arghail and
Leveridge (2009), and references therein.

A brief chronology of major geological events in sewtdst England, from oldest to youngest, includes:

(1) The development of a series of middle Palaeozoic (845 Ma), eastvest trending volcano
sedimentay basins (from eastvest these are the: North Devon Basin; Culm Basin; Tavy Basin; South
Devon Basin; Looe Basin and; Gramscatho Basin) (Figure 4.1) that have been inverted, deformed and
subjected to lowgrade metamorphism (Parker, 1989; Shail, 2014);

(2) Variscan continental collision, during the mhrboniferous (33§329Ma), resulted in significant
crustal shortening and the development of NNknding thrust sheets (Parker, 1989; Shail, 2014);

(3) Crustal extension and orogenic collapse during the late@edyous and lower Permian resulting in
extensive granitic magmatism (28570 Ma) and associated hypothermal (8600 °C) SV greisens,
and mesothermal (20£B00 °C) S&u mineralisation hosted by\E-trending mineral lodes. Following
granite emplacementvidespread P{Zn mineralisation developed in8trending crosscourses, many
of which are reactivated NNWrending thrust sheets (Parker, 1989; LeBoutillier, 2002; Stal,

2014);

(4) Cyclic periods of uplift, erosion and sedimentation throughout the Jurassic and Cretaceous (Parker,
1989; Shaiet al., 2014) resulting in the current landscape (e.g. exposure of granite roof zones at the
existing land surface).

Emplacement of the Cornudon batholith into largely Devonian sedimentary rocks caused facge

heating and thermal alteration. These metamorphic rocks in sewgbt England are locally known as
WIiATElFaQod ! f K2dAK GKS&S NRO1a | NBswianithe® a2 YA O
AAIAYATFAOLI Yl LINBLRNIAZ2Y 2F GKS NBIA2Y Q& YAYSNI
WIATEFaQ O2 YLINA aS §353MapntahhBdépasited Fandstdhed 2sijfstohey, madstonas

and rare carbonates thatere regionally metamorphosed to sygjveen schist facies during the Variscan
Orogeny. As a result of granite emplacement, the-tpade regional metamorphism has been locally
overprinted by highegrade contact metamorphism, to produce a series of alusilimate and/or
cordierite-bearing slates (Selwooét al., 1998).

The current surface expression of the Cornubian Batholith comprises six large granite plutons. From west
to east these are: the offshore Isles of Scilly (128k@ [ | Y R Q &2), Qayirfenedis(i85 kj, S

Austell (85 kr?), Bodmin (220 k&), and Dartmoor (650 k#in (Figure 4.1). The subsurface extent of the
Cornubian Batholith is estimated to be about 250 km in length and has an approximate width of between
40 and 60 km (WilkRichard and Jackson, 1989; Scrivener, 2006). However, there is uncertainty about
the true size of the Cornubian Batholith because current models are based on a small amount of data (e.g.
gravity measurements and a very limited number of deep drill holes). 8ynilaere is some uncertainty

about the true thickness and shape of the granite plutons.g28vity modelling of the Carnmenellis, St
Austell and Bodmin granites indicates they are tabular bodies with an estimated thickness of between
three and four kilornetres, whilst the larger Dartmoor pluton is estimated to be about nine kilometres
thick (Taylor, 2007). However, seismic refraction data suggest that the depth of the base of the batholith
(i.e. its lower contact with the killas) is variable, ranging franout seven and eight kilometres beneath

the Bodmin and Carnmenellis granites, respectively, to about ten kilometres beneath the Dartmoor
granite (Brooks, 1984; Shatlal., 2014).
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Figure 4.1Simplified geological map of souttest England showing thaistribution of sedimentary basins and the location of
the granites (redrawn from BGS mapping data and Shail and Leveridge, 2009).

Radiometric dating ({%®b in monazite and zircon) suggests that the extensive granitic magmatism
observed in souttwest Engdnd occurred over an about 20 million year period, between about 293 Ma
and 274 Ma, although separate intrusive episodes can be identified in some of the individual plutons
(Chenet al., 1993; Cheslegt al., 1993; Clarlet al., 1994). In terms of age, thgutons can be broadly
divided into two groups: (1) the older (>290 Ma) Bodmin Moor, Isles of Scilly and Carnmenellis granites,
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Compositionally the granites are péraluminous granites that are enriched in elements such as K, B, F,
Li, U, Th, Sn, Rb and Pb. A notable feature of Cornubian granites is their high uranium content (with an
average of about 12 ppm for all plutons), which is largely controlled by thebdison of accessory
minerals such as uraninite and monazite (Chappell and Hine, 2006; Scrivener, 2006). Importantly it is the
radioactive decay of uranium, thorium and potassium in the Cornubian granites that is responsible for
their high heat productiorthrough radioactive decay (Chappell and Hine, 2006).

The granites of souttvest England can be categorised mineralogically into three broad groups: (1) biotite
granite; (2) topaz granite; and (3) tourmaline granite. However, minor variants also exigtingd-imica
granite and fluorite granite (Exley al., 1983; Floyet al., 1993; Manningtal., 1996;Simonst al.,2016).

Textural variations are also used to distinguish-slatssesof the granites e.qg. fingrained tourmaline
granite (Manninget al., 1996) (Figure 4.2). The older granites (Bodmin Moor, lIsles of Scilly, and
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their texture, composition (peraluminosity), isotopic signaturéld) and rae earth element (REE)
patterns. These differences may reflect increased mamiédting and possibly increased amounts of
crustal melting during formation of the younger granites, probably in response to higher temperaturesin
the lower crust. However, itemains unclear why temperatures increased, and if this change was

transitional, or an abrupt change in response to a discrete tectonic event (Stone, 1995; 1997; 2000a;

2000b; Shatit al., 2014).
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Figure 4.2Map showing the principal mineralogical atektural variations in the Cornubian Batholith. It combines subdivision
into biotite and lithianmica granites with a textural scheme based primarily on mean matrix grainsize and the size and
abundance of alkali feldspar megacrystompiled from Exley ahStone (1964, 1982) Stone and Exley (1985), Hawkes and

Dangerfield (1978), Dangerfield and Hawkes (1981), Exley et al. (1983), Floyd et al. (1993), Manning et al. (1996), Manning

(1998) and Shail et al. (2014)-dat map shows the distribution ofgranite3S &Y 5F NI Y22NE {0 ! dzad St f
are <286 Ma, whereas Bodmin, Carnmenellis andIsle of Scilly (in yellow) are older (>290 Ma).

In summary, the region has been studied for more than 200 years and a large amount of academic and
industry data exist that describes the relationship between magmatism and mineralisation. The

abundance of magmatism and mineralisation across sowght England warrants its status as a globally
significant metallogenic province. Complimentary geological mgppid airborne geophysical surveys
have further refined the interpretation of the geological evolution of the region. There is continuous

digital geological mapping at 1:50,000 scale, complimentary regional datasets (e.g. LIDAR, airborne
geophysics, etc.and a 3D model of the geology at 1:625,000 scale. Though much data exist, there are

still some limitations which present uncertainty in terms of extrapolating information and data at surface
to any significant depth. For example, the majority of the priyndata is related to the shallow sub

surface (<1 km, and often <200 m), and there has also been no regional deep geophysical investigation.

The Cornubian Orefield has a complex, protracted (c. 100 Ma),-statfe history of polymetallic
mineralisation. Mineralisation comprises a variety of styles, ranging from De@anooniferous

syngenetic mineralisation, to recent placer and kaolin deposits. There is a long history of mineralisation

related research in souttvest England, with a partitar focus on graniteelated hydrothermal tin and

tungstenbearing deposits.

Although historically the souttvest region was major metal producer, the DrakelandsASdeposit
(operated by Tungsten West Limited) is the only active metal mine in seesh Ehgland. It is hosted
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within and around a dykéike body of porphyritic granite, known as the Hemerdon Granite that forms a

cupola to the souths S & U
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largest tungsten deposits contang 35.7 million tonnes at a grade of 0.18% &l 0.03% Sn (Wolf
Minerals, 2015). The previous owners of the mine (Wolf Mineral Limited) estimated that the Drakelands
operation has a production capacity of more than 3,000 tonnes of tungsten concepgatsmnum (Wolf

Minerals, 2015).

4.2.2.1 Historical production

Historically, the soutlwest region was a major metal producer. Mineral deposits in the region were
predominantly exploited for tin, tungsten, arsenic, zinc, lead and cofipees, 1956; Shagt al., 2014;
Burtet al., 2015) Approximate quantities of metal production in soutlest England are shown in Table

4.1.

Table 4.1Estimated total mineral and metal production from soutlest England. After Dines (1956), Alderton (1993) and

South Crofty PLC (198898). Adapted from LeBoutillier (2002).

Mineral or metal (Tonnes)

Sn metal
Cu metal

Feore

Pb metal

As (as AsOs)
Pyrite

Mn ores
Zn metal

W (as WG;)
U ore

Ag ore
Ag metal (from sulphide ore)
Co-Ni-Biores

Sh ores
Mo metal
Au metal

Barite

Fluorite
Ochre/umber
Kaolinite (china clay)

2,770,000
2,000,000
2,000,000
250,000
250,000
150,000
100,000
70,000
5,600
2,000
2,000
250

500

300

Minor
Minor
500,000
10,000
20,000

150,000,000

4.2.2.2 Mineralisation styles in souttvest England

Several main stages of mineralisation have been identified, forming over about a 100 Ma period between
the early Permian and the late Triassic. The mineralisation can be broadly divided on the basis of its timing

relative to granite emplacement as:

1) Pregranite orebodies of the sedimentargxhalative type and sheamone hosted Asb

mineralisation

2) Graniterelated mineralisation, comprising: a) greisens and sheeted vein complexes, and b)

polymetallic sulfide lodes

3) Postgranite mineralised P¥ZnAg croscourses (highlighted in Table 4.2).
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Figure 4.3 provides an overview of the fluid chemistry of these mineralisation styles.

Pregranite mineralisation

This comprises:

1) Stratiform mineralisation that contains siizonomic enrichments in base metals (Screreet al.,
1989; Scrivener, 2006). The main commodities associated with the early stratiform mineralisation are
iron and base metals.

2) Metamorphogenic quartrarbonate veins that typically contain -8is(Au) (Claytoret al, 1990).
Orogenic sheahosted AuSBAg mineralisation is limited to basinal argillaceous lithologies with
significant volumes of basic volcanic rocks. It is also spatially associated witkirbsiilifig shear
zones (Stanlegt al.,, 1990). Fluid chemistry and structural data indicate tha&dbartzAu-Sb veins
were precipitated early from CQich metamorphic fluids with fluid inclusion homogenisation
temperatures (Th) in the range 34830 °C (Claytoat al., 1990).

Graniterelated mineralisation

This formed largely during the early to ritérmian. These mineral deposits were historically of the
greatest economic importance and were exploited for tin, tungsten, arsenic and base n&taiste
relatedmineralisation includes skarns and pegmatigg®isens and sheeted vein deposits, and the main
stage polymetallic deposits. Localised skarn deposits have resulted from the thermal alteration of calc
silicate minerals that have been altered by bomirh fluids (Scrivener 2006). Volumetrically thesarsk

are insignificant, thus reflecting the lack of carbonaitsh rocks in the region.

Greisen occurrences are restricted in extent, but common immediately adjacent to all plutons, including
the Isles of Scilly Granite (Grant and Smith, 2012; Sullivah, 2013; Shaét al., 2014). Greisen wall rock
alteration is characterised by the development of secondary mica around sheeted veins and in
stockworks. It occurs in the granite (endogranite) and the surrounding host rocks (exogranite).
Endogranitigreisens occur at St. Michaels Mount (Fleyal., 1993), Cligga Head (Hall 1971; Jackson and
Moore 1977), and Hemerdon (Beer and Scrivener, 1982), while exogranitic greisens occur in the
Tregonning and St Austell granites (Domatyal., 1995). The greems comprise closely spaced quartz
tourmaline veins up to 0.1 m wide that host wolframite, cassiterite, stannite, arsenopyrite and other
sulfides. Fluid inclusions indicate that the greidsndered veins were precipitated over a wide range of
temperatures(Figure 4.3). Greisens represent the earliest occurrence of significant fracture controlled
magmatichydrothermal mineralisation in soutivest England (Shadt al., 2014). Greisen bordered,
aKSSGUSR @SAya | yR ljdz NIT o Rrf3Raeiyranibermpibtemant, and G S
overlap with muscovite cooling ages for the host/adjacent pluton (Gext, 1993; Cheslegt al., 1993).

Polymetallic lodes containing cassiterite and chalcopyrite, and subordinate arsenopyrite, sphalerite,
galenaand localised wolframite posiate the greisen bordered, sheeted veins. These lodes were
historically the main source of tin and copper in the region. The complex structure and mineralogy of
these deposits, and their strong spatial association with gedmidies, reflect the protracted magmatic
hydrothermal activity associated with their formation (Scrivener 2006). These polymetallic lodes are
generally orientated &V and developed between 26259 Ma, although there is a suggestion that this
reflects thedating of more than one paragenetic episode (Cle¢ral., 1993; Clarlet al., 1993). These
lodes mark the final contribution of magmadtitydrothermal fluids to mineralisation in southest
England (Shadt al.,2014).

Postgranite mineralisation

This drmed by eastvest extension during regional extensidriven subsidence in the Permian and
resulted in the formation of nortlsouthii NSY RAY 3 FTNIF Ol dzNBE aeaidisSvyao
ingressofmetaD2 YLX SEAY3 o6 Ayl f TimdntaR SuccesNidhyinto tBeNAfigcant N
basement resulted in the stripping of metals from metalliferous source rocks, and the formation of what
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polymetalic veins dominated by lead, zinc and copper, which locally host antimeesng minerals. The
crosscourse mineralisation postdates the granite related\8@u mineralisation by 330 Ma (Scrivener

et al, 1994). The crosscourse veins were primarily aebquofor lead, zinc, silver, fluorite and baryte,
GeLAOlIfte 6AGKAY 5S@2yAlY YR /I NDb2yAFSNRdzA adz0
for these structures that cut across, and often displace, the mineral veins that they were exploiting.

Other mineralisation

In addition to the styles of mineralisation described above, there are a number of less significant types of
mineralisation (not described in detail here). These include:gsgnite tourmalinetin veins (Scrivener
1982; Bromley 1989 tourmaline breccias (Londagt al., 1995; Miller and Halls 2005); pagtanite, low
temperature manganese and iron replacement deposits; and-gaibonate veins (Jackse al., 1989).
Following granite emplacement, descending meteoric water resuttealteration of feldspar, leading to

high levels of kaolinisation in the St Austell and Dartmoor granites (good overview of thitdgee
alteration can be found in: Sheppard, 1977; Bray and Spooner, 1983; and Bristow and Exley, 1994).
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Figure4.3: Overview of the evolution of mineralising fluids in sowtkst England (after Leveridgtal., 1990).
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Pre-granite mineralisation

Main ore minerals

1) Rifting and passive margin development (early Devonian- Carboniferous)

. ) i o Haematite Siderite Galena Sphalerite

sedimentary-exhalative (SedEx) mineralisation
2) Variscan convergence and continental collision (late Devonian ) : ) )

. . . Gold Bournonite Sphalerite Chalcopyrite | Tetrahedrite
Carboniferous) shear zone hosted AuSb + base metal mineralisation
Granite -related mineralisation
3) Early postVariscan extension and magmatism (early Permian)
a) Magnetite-silicate skarns developed in metabasaltic hosts Magnetite Cassiterite
b) Sulfide-silicate skarns developedin calc-silicate granite hosts Cassiterite Arsenopyrite Pyrite Chalcopyrite | Pyrrhotite
c) Greisenrbordered sheeted vein complexes Wolframite Cassiterite Chalcopyrite | Sphalerite Bismuthinite
d) Quartz-tourmaline veins and breccias Cassiterite Haematite
e) Polymetallic sulfide lodes Cassiterite Chalcopyrite Wolframite Arsenopyrite | Sphalerite
Post-granite mineralisation
4) Episodic intraplate rifting and inversion (late Permian & Cenozoic)
a) Crosscourse PbZn + F, Ba mineralisation Galena Sphalerite Arsenopyrite | Chalcopyrite

Table 4.2Summary of mineralisation styles in the sowdlest England (Cornubian) orefield (adapted from Andersen, et al. 2016).
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In summary, the soutlwest of England is a historically important mining region and has produced a
significant range and volume of metalghough the region is best known for its tin and copper
production. Mineralisation in soutlwest England can be categorised into broad styles that have been
related to the timing of granite emplacement (i.e. ggeanite, graniterelated, and posgranite). The

most significant mineralisation in southest England from m economic perspective is related to
magmatichydrothermal activity associated with granite emplacement. Importantly a significant, and
growing, body of research and data exist on this mineralisation (e.g. geochronology, fluid composition,
mineralogy, gedeemistry) and there is a good understanding of how magmatism, fluids and-large
scale structures have interacted to produce economic mineralisation. That said, there are still some
limitations. For example, there is significant uncertainty about the forrd sgale of mineralisation
below 1 km, and the distribution of data coverage is generally skewed towards areas where economic
mineralisation has been exploited or commercial mineral exploration has occurred.

In 1984, a programme of work, funded by the UK Department of Energy (DEn) and the Commission of
the European Communities (CEC), was undertaken by the British Geological Survey (BGS) to assess the
UK for its geothermal potdial. Over the same time period (1971084) the Camborne School of
Mines (CSM) was assessing the feasibility of creating HDR geothermal systems at a test site at the
Rosemanowes guarry, on the Carnmenellis granite, in Cornwall (Figure 4.4). The assuraptioade

that the behaviour and characteristics of a HDR system (Figure 4.5) could be modelled using
geochemistry, geophysics, and physical properties. Betweenl989 the Department of Energy and

the Commission of the European Communities funded a etgieochemical investigation of the HDR

site at Rosemanowes. These investigations were undertaken by the BGS, the then NERC Isotope
Geology Centre (NIGC), the University of Bath (UoB) and CSM. In 1987 an informal working group (the
UK Hot Dry Rock Geochestny Group) was established to align the geochemical programme more
closely with the physical properties and geophysical work being undertaken by CSM at the
Rosemanowes test site.
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Figure 4.5A schematic diagram showing the configuration of the 2 and 2.5 km test wells at the Rosemanowes HDR test site
(re-drawn from Edmundst al., 1989).

A key output from this work was a B4&8 7volume report (Edmundst al. 1989; Richardst al. 1989;
Andrews et al. 1989; Smedlet al. 1989; Bromleyet al. 1989; Savaget al. 1989 and; Richardst al.
1989)that outlines the methods and results of geochemical HDR research at the Rosemanowes test
site (Edmundset al., 1989). The first 2 volumes were sumiear with the following 5 reports
containing much technical detail and data (see summary information below). Similar outputs authored
by CSM describe the physical properties of the HDR system.

In summary, the main HDR report volumes comprise:

Volume 1 (Edmnds et al. 1989)This provides an overview and synopsis of the other 6 volumes.

Volume 2 (Richards et al. 1989)his provides an overview of geochemical results collected as part of
the HDR programme.

Volume 3 (Andrews et al. 1989yhe movement of natural radioelements (e2¢fRa) and radiogenic
noble gases (e.g%?Rn) inthe HDR system were investigated to:

1) Characterise changes in reservoir surface area.
2) Develop a routine monitoring method for determinit&gfRn in the HDR returftuids.
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3) Determine the effect of surface mineralisation and physical conditiong2#n flux, and
hence upon derived reservoir parameters.

4) Estimate the effect of fracture width variation on the radon model.

5) Assess geochemical changesin radioelement csteyrinduced by HDR circulation.

The conclusions were that:

1 Reservoir surface area showed a generalincrease as flow tests progressed.

9 Tracer transit times of up to 400 hours were observed within fractures.

1 Mineralised surfaces, particularly those hosting uraniioh minerals, dramatically increase
the 222Rn flux of the system.

1 Uranium mobilisation occurs in the system in response to fluid circulation.

Volume 4 (Smedley et al. 1989)he investigation of i hydrogeology and hydrogeochemistry of the
Carnmenellis granite. Understanding natural fluid flow can be useful to HDR development as it
provides an analogue to artificial shagrm circulation in the HDR reservoir, and helped explain
important processessuch as:

1) Granitewater interaction
2) Fluidflow in granite
3) Solutionprecipitation reactions.

The conclusions were that:

1 Groundwater flow in both granite and killas is dominated by fracture permeability; primary
permeability in both rock types is low. In particular, it is the nestlithtending crosscourse
structures that are the most important wateronducting fractures.

1 Shallow groundwater compositions show a strong affinity with the local geology and soils. In
many cases the element concentrations are very litholsgcific, for example Cl, HEQH,

Na, Ca, Mg levels are highest over the killas, whilst Al, Ba and& dee higher over the
granite.

1 Saline thermal waters discharging in deep mines (depths down to 820 m) are effectively
dilute palaeobrines (formed by loAgrm waterrock interaction) that have mixed with
circulating local meteoric waters.

Volume 5 (Bramley et al. 1989 [note, this was not printed in large quantities as per the other
reports]). In order to fully understand the geological constraints on HDR reservoir development
the geology of the region is considered in detail. In particular, the follpwaireas of enquiry are
relevant:

1) The spatial variation in the petrological and geochemical characteristics of the granites.

2) The spatial variation in the nature of the fracture system, and the character of fracture
mineralogy and adjacent walbck alteraton.

3) The mechanisms and products of natural fitadk interaction under conditions similar to
those pertaining in an artificial reservoir, and which might provide useful analogues for
reservoir behaviour.

4) The prediction of geological conditions at deptbfs5¢7 km in regions where commercial
reservoirs may be developed.

The conclusions were that:

1 Rock at depth is likely to be an inhomogeneous mixture of vuggy, pegmatitic granite and
magmatic residues (i.e. restite). Thus wateck interaction would be ghificantly different
FNRY GKFG LINBRAOGSR o0& SELISNRAYSy(da 2y al YLIX ¢
1 The ability to drill an inhomogeneous mixture of granite and restite is likely to be very
different from that of standard granite alone.
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1 Localised zones of argillic alteration, associated with crosscourse structures at depth, may
hamper drilling operations.

1 North-southtrending crosscourse structures are likely to extend to significant depths and as
such represent important zones of incisssad permeability. However, they may also lead to
extensive fluid loss from the HDR system.

Volume 6 (Savage et al. 1989nvestigation of chemical reactions that take place between circulating
fluids and reservoir rock in a HDR system is important, priynaecause:

1) It provides an indication of the evolution of the physical characteristics of a reservoir under
development (e.g. temperature).

2) It provides information about the potential lifetime of a reservoir undergoing commercial
operation.

Much of thisvolume relates to laboratory experimental studies undertaken to evaluate the
magnitude and rate of waterock reactions, including:

a) The surfacearea dependant release rate of a variety of chemical component from the
Carnmenellis granite under likelly-situ conditions at EGS depths.

b) The investigation of the chemical reaction of Carnmenellis granite with possible circulation
fluids.

The conclusions were that:

1 The concentration (by weight) of elements in the output fluid from laboratory experiments
was adollows (from highest to lowest): SI© Ca > Na>K >Fe >Mn>Rb>Li>Cs > Sr.

1 The relative molar releasates of the elements (from highest to lowest) was:,Stdla > Ca
>K>Fe>Mn>Li>Rb>Sr>Cs.

1 Changes in pH were only found to affect(idtreased with increasing pH), S{@creased
with increasing pH) and Fe (decreased with increasing pH).

f 1aS 2F RAfdziS Adz2NHAIQSTHHARBNSF A Egzl)S DR 2 NI & ) d
causing potential problematical precipitation ofdmated magnesium sulphate phases.

91 Bulk granite dissolution rates vary significantly from 6 ¥°0m? s (expressed as SiO
release) at 60 °C to 5 x-19 m?s? (expressed as Ca release) at 100 °C.

1 Individual mineral dissolution rates also vaignificantly. Experiments at 80 °C generated
the following estimated rates of dissolution: 2 x1@ 8 x 10'°molm2 s? (biotite); 4 x 10
11¢ 2 x 10'mol m?s? (oligoclase); 2 x 109¢ 4 x 101°mol m?s? (labradorite) and; 1 x 10
15¢ 2 x 16*“mol m?2s? (tourmaline).

Volume 7 (Richards et al. 1989)he geochemical aspects of the design and operation of a commercial
HDR geothermal system in granite, in seutbst England are reviewed and modelled in order to
predict:

1) Thecomposition of the circulation fluid.

2) The potential for chemical problems associated with the wells and surface plant (including
effluents).

3) The rates of waterock reactions in the HDR reservoir, and how this might affect hydraulic
performance.

4) Thepotential use of geochemistry in characterising the performance of the HDR reservoir
during and after its creation.

The conclusions were that:

1 The most appropriate circulation fluid is predicted to be a middlime, neutralto mildly-
alkaline local surfaceater, with low to moderate total sulfur (2A50ppm SQ) and low to
moderate total sulfide (§10 ppm HS).
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Silica and/or carbonatbased scaling are likely the biggest issue for wells and surface plant.

9 Predicted arsenic (c. 1 ppm), boron (c. 1 ppm),ritied(c. 1@20 ppm) and silica (800ppm)
concentrations in the circulation fluid mean they could not be discharged straight into the
environment without prior treatment.

1 Mineral dissolution is likely to result in widening of fractures (by up to 1 men a25year
lifetime) and thus will have an impact on reservoir hydraulics.

1 However, the precipitation of secondary minerals (e.g. zeolites, clays and calcite) as a result

of granitewater reactions would also have a potentially negative impact on pgrasiid

reservoir hydraulics

The data and lessons learned during the HDR project were used to underpin more recent geothermal
activities in Cornwall, namely the United Downs Deep Geothermal Rawgrct (owned, developed

and operated byGeothermal Engineérg Limited) and the Eden Geothermal project (managed by
Eden Geothermal Limited). These activities are described in the sections below.

The United Downs Deep Geothermal Power project is an endeavour by GeaihEngineering
Limited (GEL) to build upon the results of the HDR research programmes, and to utilise advances in
drilling techniques and power production technology to generate3 MW\, at the project site on the

United Downs Industrial Estate (jusbrth of the main surface expression of the Carnmenellis Granite,
and some 10 km NNW of the HDR site).

The site at United Downs was acquired in 2010 after an extensive feasibility study into suitable drill
sites within the Carnmenellis granite. In 2018/1Be drilling of directional wells UD (production)

and UD2 (injection) to measured depths of 5275 m and 2393 m, respectively (Figure 4.6), successfully
identified temperatures of more than 180 °C, whilst subsequent flow testing indicated the presence o
enhanced permeability, with sufficient flow for a binary power plant to generate electricity in the near
future.

Figure 4.6The drilling rig at the United Downs Deep Geothermal Power projectnear Redruth, visible behind the ruins on
an engine housgGEL photograph)
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Knowledge gained during the HDR project was used to identify the geothermal target of the
Porthtowan Fault Zone (PFZ), a neartical 206300 m wide fracture zone known to be transmissive

to water. This fault zone is found within the ragenic Cornubian granite batholith, which underlies
much of Southwest England, dramatically increasing the geothermal gradient to aroi@iv@gere

the UK average isonly 26 (Figure 4.7). The PFZ dips slightly to the ENE, and a production wiell, UD
was drilled to intercept the fault zone through its hanging wall at approximately 4.5 km deep (Figure
4.8).

UD-1is the deepest and hottest geothermal borehole in the UK, and serves as a demonstration of both
the technology and of the geothermal potential SW England. Planning applications have also been
submitted by GEL for further geothermal projects in Cornwall, each of which will be capable of
generating around 5 M\

2 KAfald D9[Qa YIFIAYy F20dzA Aa GKS LINE @y aigh2fiyid 2 F |
temperatures of >100 °C), considerations are underway regarding further uses for this geothermal
resource, including the future provision of district heating (requiring temperatures of approximately

80 °C), other heat related enterprises Buas a rum distillery, as well as for direct lithium extraction

from the geothermal brines (requiring temperatures of approximately 40 °C).

Bl 120mW/m2
110mW/m2
100mW/m?2
90mW/m2
80mW/m2
70mW/m2
60mW/m2
50mW/m2
40mW/m2

B 30mW/m2

Average UK
geothermal gradient
26°C/km
Geothermal )
gradient of the
Carnmenellis ‘ -
Granite 33-
38°C/km . L
\ , =
Ju b||eeﬁ United PR ?_1_5.0_1_1?0_'_1_:(:0 Kilometers
Downs

Figure 4.7Heat map of the UK showing the high heat flow of the Cornish granite and the location of the UDi&fg&liK
based upon Busby, 2010).

CRM-GEOTHERMAL_D.2.1 Page51/ 121



CRM 6 geothermal

CRM-GEOTHERMAL DELIVERABLE D2.1

GEL have already been involved in fluid testing from their deep wells at United Downs and DLE trials
in conjunction with Cornish Lithium Plc (CL). These have shown globally significant concentrations of
lithium at around270 ppm in the deep geothermal brine sampled from-U@rom CL press release).

The analysis also highlighted high Nd concentrations associated with Cornish granites and low levels
of contaminants (both in terms of dissolved Mg and total dissolved solids)

1000 - Pump

Injection
Well

2000

3000

Production
Well

4000

Natural

5000 Fault Zone

6000 -

© Geothermal Engineering Ltd

Figure 4.8Schematic representation of the geothermal doublet at United Downs, drilled into the Porthtowan Fault Zone.
(GEL image).

Considerable data have been collected through-giging studies, surveying during drilling, and
investigationsand analyses after well completion and testing. The most significant datasets include
the geochemical analysis, feasibility studies, induced seismicity mapping, local ArcGIS datasets, drilling
records, hydraulic stimulation, lifetime carbon assessmentsrandelling. The Deep Digital Cornwall
datasets covering the subsurface across Cornwall may also be available on request. Table 4.3 lists data
held by the UDDGP projegtmuch of it generated as part of GEL activities, but some of it stemming
from other souces, including; the original HDR project, PhD studies, the GeoCubed project, the GWatt
project, and regional datasets collected by the BGS. Only some of the data are currently publicly
available, though some of the data have resulted in recent open @ildits (Table 4.4).
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Table 4.3List of data held by the UDDGP project.

DATA
SEISMICITY Earthquakes in Cornwall (1981 to 2019)

Seismic measurements for Cornwall fromBGS

Seismic data from Rosemanowes HDR
Naturally occurring seismicity in Cornwall
Recorded induced seismicity during UD testing for August 2020 to July 2021

LITHOLOGY Depth to Granite coordinates

Cornwall Gravity data

BGS borehole logs

Geological cross sections of United Downs
Bedrock and structural geology of Cornwall

UD-1 Mineralogy from QEMSCAN

Qtz% with depth QEMSCAN

UD-1 Lithology, mineralogy, gamma correlation
UD-1 XRD

UD-1 XRF

UD-1 Well site lithology classifications

UD-1 Mineralogy

UD-1 Stratigraphy

FAULTS Structural geology (faults and fractures) of Cornwall
Porthtowan Fault geometry

Porthtowan fault depths and indicators

UD-1 Geological structure and fracture characterisation
UD-1 UXPL Fracture atlas

MINING List of mines between Truro and Hayle

Desk studies of mines surrounding United Downs
Desk study of major cross courses on the western side of unitedmines

DRILLING Wireline logging data
Temperature logs

Gas concentrations
Fluoresceine concentration data
MWD logs

Tracer analysis

Chippings logs

SWC logging
Lossescatalogue

Injection testdata

GEL UD1 8.5 fractures

UD-1 Formation evaluation log
UD-1 Daily drilling reports
UD-1 Mud logging reports
UD-1 Drilling evaluationlogs
UD-1 Field calliperlogs
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UD-1 WellCad images/logs

UD-1 borehole profile

UD-1 Temperature (calculated vs measured)

UD-1 geology summary report

UD-1 End of well report

UD-2 Formation evaluation log

UD-2 formation evaluation logs/PCG gamma ray

UD-2 Mineralogy

UD-2 Stratigraphy

UD-2 End of well report

GEOCHEMISTRY Geochemical analysis for REEs & economic materials

Geochemical analysis from Airlift and ESP testing

Hydrogen and oxygen isotope data

Fluid analysis report (gamma spectrometry, gross alpha/beta, properties of
single stage flash, water flash gas composition, flashed water analysis,
hydrocarbon molecular weights and densities, ionic species molar mass and
valence.

INJECTION TESTING | UD-1 Injection testing report (key parameters of well, injection rates and

pressures, flow rates, seismicity)

UD-2 Injection testing report (key parameters of well, injection rates and

pressures, flow rates)

ESP reservoir testing results (permeability, flow rates, seismicity)

United Downs porosity models

ESP power consumption and motor temperature during testing
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Table 4.41istof publications associated with the UDDGP project, including the data published.

Paper

An Update onthe United
Downs Geothermal
Power Project, Cornwall,
UK

(Stanford 2022)

Effective Community
Engagement: The United
Downs Geothermal
Power Project, Corwall,
UK

An Update on the United
Downs Geothermal
Power Project, Cornwall,
UK

(EGC 2022)

An Update onthe United
Downs Geothermal

Power Project, Cornw all,
UK

(GRC 2022)

A single multi -scale and
multi -sourced semi -
automated lineament
detection technique for
detailed structural
mapping with
applications to
geothermal energy
exploration.

Geological Overview of
the United Downs Deep
Geothermal Power
Project, Cormwall, UK
(WGC 2020)

Implementation of an
Induced Seismicity
Protocol for the United
Downs Deep Geothermal
Power Project, United
Kingdom

EGC2022

Author/s

Hazel Farndale &
Ryan Law

Jane Charman,
Ryan Law, Steve
Beynon & Hazel
Farndale

Hazel Farndale,
Ryan Law & Steve
Beynon

Hazel Farndale,
Ryan Law & Steve
Beynon

Chris Yeomans,
Hester Claridge,
Alexander
Hudson, Robin
Shail, Cees
Willems, Matthew
Eyre & Chris
Harker

Lucy Cotton, Jon
Gutmanis, Robin
Shail, Chris Dalby,
Tony Batchelor,
Andy Foxford &
Gavyn Rollinson

Andrew Jupe,
Ryan Law & Hazel
Farndale

Data

Lithology, QEMSCAN plots, key
parameters of wells, structural
geology (faults/linear features),
seismicity, hydraulic analysis,
criterial for future sites.

Time line of project, community
engagement strategies and
outcomes

Lithology, QEMSCAN plots, key
parameters of wells, structural
geology (faults/fractures/lodes),
drilling mud losses, micro-
seismicity, hydraulic analysis,
criterial for future sites.
Lithology, QEMSCAN plots, key
parameters of wells, structural
geology (faults/fractures/lodes),
drilling mud losses, micro-
seismicity, hydraulic analysis,
criterial for future sites.
Lineament detection and
structural mapping.

Mapping of the Porth Towan Fault
Zone, lithologicaldata, QEMSCAN

plots

Induced seismicity

Location

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=35392

https://leuropeangeot
hermalcongress.eu/a
bstracts-paper/

https://europeangeot
hermalcongress.eu/a
bstracts-paper/

https:/leuropeangeot
hermalcongress.eu/a
bstracts-paper/

http://mr.crossref.org
/iPage?doi=10.1144
%2Fgjegh2022051

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=33107

https://europeangeot
hermalcongress.eu/a

bstracts-paper/
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An Early Numerical
Prediction of the United
Downs Deep Geothermal
Power Project,

United Kingdom

(WGC 2021)

Geothermal exploration
and reservoir modelling
of the United Downs
deep

geothermal project,
Cornwall (UK)
(Geothermics, 2021)

The importance of
tectonic inheritance and
reactivation in
geothermal energy
exploration for EGS
resources in SW England.
(WGC 2020+1)

Geothermal Power
Generated From UK
Granites (GWatt).
(WGC2020+1)

MusaD. Aliyu &
Rosalind A. Archer

Fluid flow, heat transport,
geomechanical process, fault
permeability, mass source and
sink, heat source and there-hydro -
geomechanical coupling
equations.

Estimations of: effect of flow rate
on production temperature, effect
of flow rate on injection pressure,
effect of flow rate on fault zone
permeability, effect of production
pressure on temperature,
production flow rates, effect of
flow rate on thermal energy
extraction and effect of flow rate
on impedance.

Mapping of faults, mines, adits,
granite, surface fromgranite,
lodes, dykes, structural dip
direction.

Well schematics and trajectories
Lithology, structural profile (inc.
fractures) of UD-1, induced
seismicity, drilling mud losses.
Fracture network characteristics
(inc. stereonets of faults and
fractures), Stress orientation
derived from borehole breakouts
(BO) and drilling induced tensile
fractures (DITF), temperature (&
gradient), C1, C2, CQ, gamma-ray,
stress, reservoir modelling.
Structural geology, lineament

mapping

John Reinecker,
Jon Gutmanis,
Andy Foxford,
Lucy Cotton, Chris
Dalby & Ryan Law

ChrisYeomans,
Robin Shail &
Matthew Eyre

Chris Rochelle, Jon
Busby, Andrew
Kilpatrick, Robin
Shail, Chris
Yeomans,
Matthew Eyre,
Sabine den
Hartog, Dan
Arnold, Sebastien
Geiger, Andreas
Busch, Peter
Ledingham, Ryan
Law, Caroline
Carroland

Introductionto, and o verview of,
the GWatt project

https://pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=32833

https://lwww.scienced
irect.com/science/arti
cle/pii/S03756505210
01838

Proceedings of the
World Geothermal
Congress 2020+1,
Reykjavik, Iceland,
April - October 2021,
paper 11099, 11pp.

Proceedings of the
World Geothermal
Congress 2020+1,
Reykjavik, Iceland,
April - October 2021,
7pp.
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Seismic Monitoring at the
United Downs Deep
Geothermal Power
Project, Cornwall, UK
(WGC 2020)

Education and
Community Outreach
Programmes at the
United Downs Deep
Geothermal Power
Project, Cornwall, UK
(WGC 2020)

United Kingdom Country
Update

(WGC 2020)

The United Downs Deep
Geothermal Power
Project (WGC 2020)

The United Downs Deep
Geothermal Power
Project (Stanford 20 19)

The United Downs Deep
Geothermal Power
Project (Stanford 2019)

Integrated object -based
image analysis for semi -
automated geological
lineament detection in
southwest England.
Geothermal Energy Use,
Country Update for
United Kingdom (EGC
2016)

Country Update for the
United Kingdom (WGC
2015)

Geothermal Energy Use,
Country Update for
United Kingdom (EGC
2013)

Revisiting Deep
Geothermal Power in the
United Kingdom

members of the
GWatt project
team

Andrew Jupe &
Peter Ledingham

Lucy Cotton, Jane
Charman, Suzie
Doe & Peter
Ledingham

Tony Batchelor,
Robin Curtis &
Jonathan Busby

Peter Ledingham
& Lucy Cotton

Peter Ledingham
& Lucy Cotton

Peter Ledingham,
Lucy Cotton &
Ryan Law

Chris Yeomans,
Robin Shail &
Matthew Eyre

Robin Curtis, Ryan
Law & Charlotte
Adams

Tony Batchelor,
Robin Curtis, Peter
Ledingham &
Ryan Law

Robin Curtis, Peter
Ledingham, Ryan
Law & Tony
Batchelor

Ryan Law, Tony
Batchelor & Pete
Ledingham

Location of seismicity associate
with UDDGP

Education and community
outreach overview

Overview of the progress of the
UK geothermal industryin 2020.

Overview of the UDDGP, heat flow,
geology, PTF, well configuration,
drilling, noise & microseismic
monitoring, community &
education, preliminary results.

Overview of the UDDGP, heat flow,
geology, PTF, well configuration,
drilling, noise & microseismic
monitoring, community &
education.

Overview of the UDDGP, heat flow,
geology, PTF, well configuration,
drilling, noise & microseismic
monitoring, community &
education.

Lineament detection fromremote
sensing data

Policy, geothermal utilisation,
deep coaxial projects, EGS/HDR
projects, GSHP activity, mine
water.

Policy, geothermal utilisation,
deep coaxial projects, EGS/HDR
projects, GEHP activity, mine
water.

Policy, geothermal utilisation,
deep coaxial projects, EGS/HDR
projects, GSHP activity, mine
water.

New projects, geology, stress
regimes, temperatures

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=33563

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=33106

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=33709

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=33709

https://[pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=29039

https://pangea.stanfo
rd.edu/ERE/db/IGAst
andard/record_detail.
php?id=29039

Computers and
Geosciences, 123,
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The Eden Geothermal project is an endeavour by Eden Geothermal Limited (EGL) to access the heat
resource of the St Austell Granite, which is to the east of the Carnmenellis andotheat United

Downs described in the previous secti&@GL has been set up by three partners; the Eden Project, EGS
Energy Ltd, and Bestec (UK) Ltd. The Eden Geothermal project is not a partner within the CRM
geothermal project, and so we do not have di¢d knowledge of, or access to, the datasets being
generated. The text below is therefore written in more general terms. Further information about the
site, together with contact details of Eden Geothermal Ltd, can be found on their web site:
https://www.edengeothermal.com/theproject/.

As per the United Downs Deep Geothermal Power project above, the Eden Geothermal project targets
another of the NNW{ { 9 ONR &&a02dzNES FTNJ} Ol daNB T 2ySaxr (KAA
Austell Granite (Figure 4.9). The surface location of this crosscourse structure was accurately located
using observations of exposures when the Eden project si®awvorking quarry (open pit mining for

the extraction of china clay), and also surface electrical resistivity tomography (ERT).
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UDDGP site

Land’s End

. Eden Geothermal site
Granite

Hot Dry Rock site

Figure 4.91 ocation of the Eden geothermal projectin relation to other deep geothermal sites in Cornwall (graniteskare pin
and red, base map from BGS geological data).

The Eden geothermal site is at the northern end of the Eden Project site, and is being developed in 2
stages:
1) Drilling of an initial borehole (E@Q to provide heat (via a downhole heat exchanger) to the beme
at the Eden project, in order to reduce use of a fasgl heating system and make greenhouse
gas savings.
2) Drilling of a second borehole and creation of a doublet system, in order to provide enough hot
water to add a power production unit, and also aater for a heat network to local houses.

Unlike the UDDGP project, the HGorehole enters the target fracture zone though its footwall. A
consequence of this is a slightly longer borehole length compared to its true vertical depth (5277 m
versus 4871 m With a length of 5277 m, EGs the longest geothermal borehole in the fJough

not the deepest, see section above.

At the time of writing this report, the project is within phase (1) above:

- EGlis a 5277 m long deviated borehole that has bdsled to a true vertical depth of 4871 m,
and completion operations have been undertaken.

- The lowermost 1417 m of the borehole have been left open, which coincides with a number of
drilling fluid loss zones (i.e. potential permeable zones for geotheftaidiflow).

- Various logging operations of the borehole have been undertaken.

- Testing of the borehole is ongoing, including: mainly water injection to test permeability and
RS@PSt2L) GKS | 00SaaArofsS IS20KSNXYI{ WwhebtdssNID2 A ND .
There was a small felt seismic event in early 2022 and this caused a pause in borehole testing.
Some acidic stimulation has also been done as part of the MEET prdjggs:(/www.meet-
h2020.com).

- The surface pipeline to the Eden Biomes as part of the local heat network has been installed, but
the downhole heat exchanger is not yet in place.
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Phase 1 continues, and the funding for Phase 2 of the project has not yeseeered.
Work within Phase 1 has produced a number of datasets, and in broad terms these are:

- Background geology of the site and its surroundings (including information from: BGS regional
surveys, opencast mining plans, PhD and Masters studies by stadeCasnborne School of Mines
[Exeter University]), as well as specific studies by Eden Geothermal Ltd.

- Sitespecific investigations (including: characterisation of the drill chips, a range of borehole logs,
pumping tests). Note that no drill core was reeoed from the EQ. borehole.

As far as we are aware, the short production tests have focussed on deriving water flow rates, and
hence overall rock permeability. There would appear to not have been leegerproduction testing

and recovery of relativelyundisturbed geothermal water (and gases). As such, there remains
uncertainty as to the precise composition of the deep geothermal fluid beneath the Eden geothermal
site. It is anticipated that longeerm production testing will be done at some point inetluture,
though it is possible that this could be part of the Phase 2 programme.

Fluids associated with both $M greisen and S6u polymetallic lode mineralisation in soutlest
England are primarily of magmatic origin.clantrast, fluids associated with pegtanite crosscourse
mineralisation are associated with flow from sedimentary basins to the sides of the granite batholith.
More recent waters within the crosscourses and other fractures in the granites are also ssdocia
with increasing amounts of meteoric input. It is these more modern waters that carry the dissolved
resources. Here we provide a summary of information about these fluids.

Academic research in souttest En¢and during the past 30 years has focussed on the nature of
mineralising fluids, and their role in metal transport and ore deposit formation. Fluid inclusion (i.e.
fluids trapped during mineral growth) studies have been invaluable in revealing the coimposit
(salinity), temperature and in some cases the pressure of the mineralising fluids. Complimentary stable
isotope studies (e.g. O, H, He and S) have also provided useful information on the source of the
mineralising fluids (e.g. He signatures suggestatta-derived volatile component) (Shai al., 2003).
Studies of shallow groundwaters (down to c¢. 100 m), as part of the HDR programme have provided
insights into watetrock interaction over short time intervals and at shallow depths. Similar studies of
deep, thermal spring waters from disused mines provide information on fluid circulation and mixing.
When combined these data (e.g. shallow groundwater and mine water compaosition, and fluid inclusion
studies) have enabled important conclusions to be draggarding palaeofluid circulation in both the
granites and country rocks of souttest England (Smedlegt al.,, 1989).

Broadly two dominant fluid types have been implicated in the formation of mineralisation in-south
west England:

3) Moderate to high sality (NaCl+Cg), high temperature magmatic fluids that produced the
graniterelated mineralisation (e.g. polymetallic-Su lodes).

4) High salinity (NaCl+CagCllower temperature basinal fluids that formed the younger, post
magmatic mineralisation (e.g. cszourses) (Table 4.5).

Stable isotope studies (i.e. Cl, O, H, He and S) on fluids taken from inclusions in the mineralisation have
provided useful insights in to the origin of mineralising fluids. For example, isotopic studies of main
stage, polymetallicodes indicate that mineralising fluids were principally magmatic in origin, whilst
fluids associated with later crosscourses are distinctly-magmatic, having a strong sediment
derived fluid signature (Wilkinsoet al., 1995; Gleesomt al., 1999; Banket al.,2000; Shaikt al,

2003).
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Table 4.5Summary of fluid inclusion data for mineralising fluids (Srettal., 1996and Gleesomt al., 2001).

Mineralisation style Temperature Salinity Composition
Greisen 450¢350°C 5-10 wt. % NaCl+C®
Polymetallic lode (S€u¥ 280¢200°C 3¢5 wt. % NacCl
Polymetallic lode (PENY €.220 °C 0c5 wt. % NacCl
Crosscourse c.130°C 26 wt. % NaCl+Cagl

Warm (up to 55 °C), higgalinity groundwaters have been found at depths of up to 82@rimarily

issuing from crosscourses and lodes in mines at the northern edge of the Carnmenellis granite. These
flows occur in mines in both the granite and in theakill Some of the crosscourse flows have been
discharging for more than 30 years, suggesting that a large reservoir of saline, thermal water exists at
depth (Smedlet al., 1989). These deep spring waterg3% °C, mildly acidic to neutral (pH §747),

and compositionally they are dominated by Na, Ca and Cl (Smetkdy 1989) (Table 4.6). Stable
2E&3IBy0 6HYyR KDRiseBpe Stydiesindicate that these wasesire not derived from
seawater, but are more likely diluted palaeobrines which have flowed through crosscourse structures
within the granite and killas. Their chemical and isotopic signatures also indicate mixing and dilution
by circulation of local metea@ water (Alderton and Sheppard, 1977; Smediegl., 1989).

Low salinity, shallow groundwaters from within the granite and killas show considerable compositional
overlap. However, slight differences can be observed in both the major cation (i.e. GdaMgd K)

and anion (i.e. HGOSQ, Cl and Ng) contents of these waters. Granitelated shallow groundwaters

are more acidic (pH 4¢B.9) and are dominated by Na, K and Cl, whilst kiééeged groundwaters are
more alkaline (pH 48.0), and have copositions dominated by Ca, Mg and BCUThe higher overall
concentration of elements (e.g. Ca, Mg, Cl, etc.) in kilieged groundwaters suggests that that the
killas is more reactive, or possibly more soluble, than the granite. The abundance of sxswerialas
calcite, dolomite, chlorite and clays in the killas may account for these higher concentrations by
dissolution and precipitation, and ieexchange reactions. Element enrichment and depletion patterns
suggest that shallow groundwater compositioase strongly controlled by lithology. For example,
graniterelated waters typically have higher Ba and Rb contents, which likely reflects dissolution of
alkali feldspar (Smedlest al., 1989; Smedley and Allen, 2004).

Table 4.6: Summary of mine water corBpa A G A2y & Oy ®ONXPT Wy2(i NBLR2NISRQUO

Parameter S(zztzr})cl:er\o/(fatg S?Z;%?észg Wheal Jang Clifford United
Source Smedleyetal, 1989 Alderton and Sheppard, 197
Depth 690 690 198 448
pH 6.79 5.38 7.70 n.r.
Temperature (°C) 45.3 34.3 315 52
Total dissolved solids 14,099 10,454 9,934 9,189
Na 3,210 1,890 2,073 2,043
K 138 66.8 127 111
Mg 51.6 94.8 29.5 32
Ca 1,670 1,630 1,326 1,166
Cl 8,750 6,500 6,110 5,628
Sa 107 240 118 124
HCQ n.r. n.r. 23.8 n.r.
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Previous studies suggest that palafod flow in and around the Carnmenellis granite can be divided

in to four main stages (Figure 4.10):

a) Expulsion of early magmatic fluids associated with the emplacement of the granite, which led to
the formation of sleeted SAW greisens in the granite roof zone and overlying metasedimentary
rocks. Hydrothermal convection of formation waters starts to occur in response to the thermal

anomaly created by the granite emplacement.

b) Copper, zinc and sulfur are leached frohe thost rocks. Formation waters are drawn down
through the granite as the system begins to cool, resulting in the deposition-ghSQuifides in

veins.

c) Mainstage, polymetallic lodes are emplaced within the granite roof zone by further expulsion of

magmadic fluids.

d) Formation waters start to circulate through the granite in response to cooling of the system,
resulting in the deposition of Gnsulfides in steeply dipping fissures (Smedéhyal., 1989). Post
magmatism basinal brines circulate througfsitending structures within the granite and killas,
mixing with meteoric waters. These fluids depositedZpiwich mineralisation within the so called

crosscourse veins (Scriveredral., 1994; Gleesoet al., 2000; 2001).

a.

b.

Surface

Surface

\\ f Qutgoing Magmatic
H\ydr\othermal

Flb.i\ds |
W-+As+Sn+Bi

C.

d.

Surface

Surface Downgoing meteoric water |}

Cu+Zn+S

Downward migrating
sulphide deposition

GRANITE
Il

Figure 4.10Schematic diagram illustrating fluid flow regimes in relation to emplacement of the Carnmenellis granite. (a)
Expulsion of magmatic fluids forming-Bhgreisens and generation of hydrothermal convection in overlying groundwaters.
(b) Leaching of metals arsdilfur from the host rocks. Cooling of the system permits meteoric waters to pass down into the

granite pluton. (c) Main stage, polymetallic lodes form in the roof zone of the granite pluton by expulsion of magmatic
fluids. (d) Meteoric waters circulatdétough the granite as the system cools -Busulfides are deposited in a series of

lodes (redrawn after Smedleyet al., 1989).
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The main source of information on the waters and their dissolved mineraeat comes from:

- The Hot Dry Rock project (see previous sections for details)

- The United Downs Deep Geothermal Power project-{Uiboduction testing)

- Intermediate depth boreholes drilled and produced by Cornish Lithium Ltd (range of depths to
about 1.8km)

The first of the above sources is summarised in Section 4.2.1 above, with the more recent work

summarised in the two sections below.

4.42.1 Deepwaters at United Downs

The recenthdrilled 5 km deep UEL borehole went under an extended pumping (ESP) tesdweral

days at end June/early July 2021. Whilst the test was short and the borehole infrastructure did not
reach thermal equilibrium, the produced water was hot enough to boil and generate steam once at
surface (Figure 4.11). The test was primarily airaedietermining the flow characteristics of the
borehole. However,19 water samples were recovered during the production operation, and analysed
by the BGS as part of the GWatt project (Rochele et al., 2021) and Cornish Lithium for a range of major
and trae cations and anions, plus also a range of isotopes. In summary, the water is a relatively low
salinity, Na/Gbominated deep groundwater, and is consistent with extrapolation of data from the Hot
Dry Rock project. Datasets of water chemistry, isotopidemnand gas composition exist, and at the

time of writing this report are being incorporated into publications.

Some 150 fhof the produced water from UR was recovered by Cornish Lithium Ltd and stored in
large tanks, for the purpose of future testing of a range of lithium extraction technologies (Figure 4.12).

Figure 4.11Steam rising from production equipment duringsteng of the UBL borehole at United Downs. (BGS image,
©UKRI)
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Figure 4.12Thermal image of water storage tank during the testing of thelUidrehole at United Downs. The level of the
warm water is clearly visible inside the tank. (BGS image, ©UKRI).

4.4.2.2 Intermediatedepth watersin the United Downs area

Intermediate depth waters in the United Downs area have been evaluated during recent exploration
(by Cornish Lithium Plc (CL) who have undertaken three drilling campaigns to a maximum depth of
1750 m (asNovember 2022). Two boreholes at United Downs (hereafter GWDD_001 & GWDD_002)
have been drilled to a depth of c. 860 m and c. 1d0@spectively. A further borehole has been drilled

at Crosslanes Farm, Twelveheads (GWDD_003) to a depth of c. 1750ren4Fi@). The primary focus

of these drilling campaigns was to determine lithium concentrations within geothermal springs flowing
through naturally fractured fault zones at depth. Test work undertaken to date has been both
geochemical sampling of fluidsimped to surface, and hydraulic injection testing.

Geochemical analysis of the water pumped to surface shows similar characteristics and chemical ratios

to that within the deeper geothermal fluids. The reservoir is characterised bysddwnity fluids tha

have a relatively high dissolved lithium component. Figure 4.14 shows the mixing series between
GYFGd2NBé¢ NBaASNW2ANI g 6SNR GKFG KFE@S KAIK [ O2yi
from the CL mine waters archive. An element of rweger derived constituents can be seen in the

chemical signatures of waters found proximal to massive sulphide mining territories, however these
signatures disappear with depth and over the duration of the pump test. {@mg test work has

shown reservoir chersiry stabilises, and interception of mature waters can be achieved after a short

amount of pumping, removing the meteoric water component quickly.

Datasets with geochemical, pumping, and hydraulic characterisation of GWDD_001 & GWDD_ 002 will
be included vithin the report deliverable D5.1. This includes wireline geophysics logs.
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Figure 4.13:Water sampling undertaken at GWDD_003 during the summer 2022.
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Between 1977 and 1994 the UK government funded an assessment of potential UK geothermal energy
resources. This programme considered three main elements: (1) appraisal of heat flow; (2) potential
of hot-brines from deep hypesaline aquifers (HAS) for direct heat production; and (3) the potential

of EGS, which included the HDR Programme. A catalogue-stisabe temperatures, heat flow
estimations, thermal conductivity measurements and geochendigte was compiled by BGS (Burley

and Edmunds, 1978). It was subsequently updated by Burley and Gale (1982)eBatl€984) and

Rollin (1987). The findings of this work were summarised by Downing and Gray (1986a, 1986b), BGS
(1988), Parker (1989, 29) and most recently in Barketal. (2000).

A heat flow map (Figure 4.15) of the UK was generated and subsequently revised (Downing and Gray,
19864, b; Leetal,, 1987; Rollin, 1995; Rollgt al., 1995; and Barkast al., 2000). The map shows two

areas of enhanced heat flow that are associated with the radiogenic granites of-a@#thEngland

(Cornwall) and the buried granites of northern England. Temperaturekiat 8epth were estimated

to be as high as 1&090°C in Cornwall, and up to 18070 °Gn northern England, but rarely exceeded

95 °C elsewhere. The average geothermal gradientis R612@ dzi f 2 Ol t ft & sCknm Ol y SE
(Bushy, 2010). The average UK heat flow is approximately 55-tn\Wm

Of specific interest to this project are the data for the soutbst region of the UK, in particular
Cornwall where the geothermal gradient is estimated to be highest. Batkar (2000) noted that

the average heat flow in the Cornubian granites ofteati S & i 9 y JIROmWRI2. MHgat F
production values for the Cornubian granites can be found in Wheidah (1981) and ThomaBetts

et al. (1989). Beamish and Busby (2016amssessed the quality of these original data sets, and, in
addition, recalalated the heat flows in accordance with our improved understanding of paleoclimate.
This resulted in revised values that are higher than the original estimates, with the consequence that
temperatures at depth are also greateri.e. at 5 km they range femproximately 185 °C for the
Dartmoor granite to approximately 220 °C for the St Austell granite, (Figure 4.16) which is anincrease
of between 6 and 11 per cent. The vast majority of the temperature data comes from shallow wells
(about100m), with addiional data available from some former mines (e.g. Geevor mine at about 400
m and South Crofty at about 600 m). These estimated temperatures are based on a model that
assumes constant heat production to a depth of 5 km.
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Figure 4.16Revised estimated granieelated average temperatures (°C) at a depth of 5 km and the percentage increases
(in brackets) over previously published estimates. Locations of five towns, are shown in blue; PEAIre®e$tl = St Ives;
CAM = Camborne; RED = Redruth and; StA = St. Austell (after Busby and Beamish, 2016).
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Historically, there were only very limited temperature data available from depths below 600 m, largely
comprising data from the former HDR Projedt Rosemanowes Quarry, near Redruth, on the
Carnmenellis granite. Here three deep wells were drilled, the deepest being a 2,600 m vertical well,
plus several shallow boreholes (300 m). Bagkeal (2000) reported that measured temperatures
were about 8C°C at 2.1 km depth (in well RH12) and about 100 °C at 2.6 km (in well RH15). The revised
heat flow data from Beamish and Busby (2016) gives slightly higher, estimated, subsurface
temperatures of about 84C, and about 102 °C at 2.1 km and 2.6 km, resgeygtiUnfortunately, UK
government funding was withdrawn from the HDR project before it could investigate conditiogs at 5

6 km, and it closed in 1994,

Inthe past 5 years, deep geothermal drilling has been undertaken atdJDibwns, an industrial estate
just to the north of the surface expression of the Carnmenellis granite, plus also close to the Eden
Project on the St Austell Granite.

The United Downs Deep Geothermal Power project (owned and managed by Geothermal Emgineeri
Limited) targets a steeplfipping crosscourse structure, the Porthtown Fracture Zone, in the
Carnmenellis Granite. This is intercepted by the c. 5 km deepl Wibduction borehole at
approximately 4.5 km, via the hanging wall. Itis also interceptethéyJD-2 re-injection borehole at
approximately 2.5 km, also via the hanging wall. The primary aim of the project is generation of
electrical power via a binary power plant. However, some sale of heat to local businesses is anticipated
(e.g. a rum distiiry). The testing phase of this project is now complete, and delivery of the power
plant is expected in 2023. Seven further sites for geothermal development are currently being explored
by GEL, with one gaining planning permission in September 2022.

The Eden Geothermal project (owned and managed by Eden Geothermal Limited) also targets a
steeplydipping crosscourse structure, this time the Great Crosscourse, and is in the St Austell Granite.
This is intercepted by the c. 4.5 km deep El®rehole, this the via the footwall of the fracture zone.
There is potential for a second borehole and development of a binary system, but as of late 2022
drilling of this borehole has not started. The primary aim of this project is supply of heat to the biomes
atthe Ede Project. However, with a second borehole and sufficient flow rates, Eden Geothermal Ltd
are looking to produce some electrical power if possible.

Cornish Lithium Limited are still in exploration and development phases in terms of accessing dissolved
lithium. However, if they do end up producing lithitenriched water from their 2 km deep
boreholes, then that would likely give rise to a thermal water source that could be used for geothermal
heating purposes. This aspect is however, a subject for futurbes.

In summary, a significant body of data exists from assessments of the potential geothermal energy
resources in the UK, over a period spanning over four decades.-&esthEngland, specifically
Cornwall, was estimated to have the highest geothergraldient in the UK. Temperatures at 5 km
depth in the Cornubian granites are estimated to be in the range of abow2&5°C, which has been
proved at United Downs (Carnmenellis Granite). However, it is important to note that the estimates
for the other granites are based on modelled heat flow and heat production, as data from depths of
>600 m are very limited.

Southwest England is a structurally complex region whose geological past has been donlipated
Variscanéctonics. British Geological Survey mapping, academic research and seismic surveys have led
to the identification of three main deformational phases associated with Variscan orogenesis. Two
phases are related to crustal shortening, @d ) whilst the thrd (D;) is associated with crustal
extension during orogenic collapse (Alexander and Shail, 1996; Levaidge 2002). The D
deformation event (c. 385 Ma) is characterised by:
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1) Largescale (10s km), N\SEtrending strikeslip faults
2) A NNWirending mireral lineation
3) EW-trending folds.

Structures associated with the second deformation even) e similar to those formed during;,D

but D, structures are generally more steeply dipping. Theelzent (c. 30§300Ma) occurred in
response to orogenic collapse and associated crustal extension. It resulted in the development of steep
to gently inclined WNWESHrending extensional faults (Alexander and Shail, 1996; Leveeitlge

2002). Regionallextensive NNVBSHrending crosscourse structures formed during the Permian in
response to a period of crustal extension (Scrivesteal., 1994; Shail and Alexander, 1997).

In southwest England both granite and the killas have inherently poor pernigafiieathet al,
1985). Accordingly, fluid circulation in the region is largely controlled by regsoaéd structures (e.g.
NNWSSHrending faults) (Figure 4.17) and fractures (Heatthl., 1985; Bromlegt al.,1989; Smedley

et al.,, 1989). The treshdirection of these and similar structures is also picked up by automated analysis
of surface and subea lineaments, which reveal potentially far more NH$8Erending structures
(Figure 4.18) (Yeomans et al., 2019, 2021, 2022). Fractures in the gunanpemarily the result of
magma chamber processes, for example cooling and Hydoburing (caused by the movement of
magmatic fluids). In contrast fractures in the killas are principally the result of granite emplacement.
Local zones of highacture censity, in both granite and killas, may also be associated with episodes
of late faulting. The permeability and connectivity of these fractures, particularly at depth, remains
enigmatic (Heatlet al., 1985), but is the focus of borehole testing activis¢®oth United Downs and

the Eden geothermal sites.
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Figure 4.17Map of the distribution of major NVBErending faults and granite bodies in soutfest England (drawn from
BGS mapping data).
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Figure 4.18Map of the distribution of lineaments in sowutliest England (Yeomans et al.,2019,2021, 2022).

A relatively small number of stress field measurements were made on the Carnmenellis granite, during
the 1980s. Both hydraulic fracture tests and overcoringisevere conducted at the Rosemanowes
HDR test site at depths o2 km and 800 m, respectively. All of the tests were successful in achieving
WOoNBIF{1R26YaQ 60ADPSd GKS LRAYOHD G 6KAOK GKS FfdzAR
of the tests was the hydraulic fracture fully characterised using microseismic monitoring. A series of
overcoring tests were also conducted in the South Crofty mine (on the edge of the Carnmenellis
granite) at a maximum depth of 790 m. A similar, but unrelased of stress field tests (i.e. hydraulic
fracturing and overcoring) were carried out at Carwynnen quarry, also on the Carnmenellis granite.
Although the hydraulic fracture tests and overcoring were conducted at much shallower levels (700 m
and 34 m respdively) the two studies confirmed the presence of two joint sets in the Carnmenellis
granite: one trending NNV8SHErending and the other EN®/SW. The results from both studies show

that the in-situ stress orientation is about 30° off parallel from thatbé& natural joint sets observed

in the granite. The studies also demonstrated that maximmsitu stress (H) is approximately 70

MPa in the NNWBSE direction, whilst the minimuimsitu stress (h) is about 30 MPa in the ENESW
direction (Figure 4.19)t was found that stress magnitude and orientation at depth are relatively
consistent across the Carnmenellis granite, and are fairly consistent with measurements from the rest
of the United Kingdom. Importantly it was found that shearing along theserabjmints was more

likely than dilation, unless very high injection pressures were used (Pine and Batchelor, 1984; Evans,
1987; Coolinget al.,1988; Haimsomt al. 1989; Turnbridget al.,1989).

Studieslinked to the United Downs Deep Geothermal Poweojgct are also producing datasets
relevant to stress information, and fracture directions/properties (drginecher et al., 2021; and as
part of the GWatt project [Haslam et glin prep; Baptie et ak in prep]).

In summary, the soutivest of England a structurally complex region whose geological past has been
dominated by Variscan tectonics, which resulted in at least three episodes of deformation. The
permeability of rocks (i.e. granites and metasedimentary rocks) in seatt England is inherelgt

very low, and as such faults and fractures are locally and regionally important in terms of fluid flow. In
particular, the presence of larg&ale, NNV ASSHrending crosscourse structures are an important
consideration for the design of any EGS systesouthwest England. Initial flow tests from the LD
borehole provided encouraging results, indicating that the resource will susta#3MV¥, binary
power plant. However, greater understanding of the laegm behaviour of the reservoir will only
come fom sustained operation of the future power plant.
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Figure 4.19Principal stress orientation and magnitude in the Carnmenellis granite as determineeshiy hrydraulic
fracture tests at the Rosemanowes HDR test sited@@wvn from Pine and Batchelat984).
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of objective and authoritative geoscientific data. It has been gathering geoscience data and
information about thesubsurface in the UK and other countries for more than 180 years. It is a data

rich organisation with more than 500 datasets in its care, including environmental monitoring data,

digital databases, physical collections (e.g. borehole core, rocks andatsipeecords and archives.
Importantly, a great many of these datasets are openly available, many of which provide complete,
seamless UK coverage at a number of scales (Table 4.8). Certain other datasets may be subject to
confidentiality clauses and/orciencing fees. Information about how to access these datasets can be

found here:

These nationbdatasets are available to the CRJ)dothermal project and can provide a very useful
starting point to assess dissolved raw material and geothermal potential in seeghEngland. Many

of the datasets cover much of the UK, whereas others are specifiouin-west England (e.g.
geophysical data conducted as part of the TELLUS prajgjet)/www.tellusgb.ac.uk/). Most of the

data stored relate to surface exposures or the nearface environment. Although, the datasets do
contain much information about a large number of boreholes and mines, most do not extend below
100 m, and there is limited data below 1000 m. This places significant constraints on predictions when
extrapolating he data to EGS depths (i.&64km). The datasets are also of differing ages and levels of
detail - reflecting changing national priorities over the past decades. In terms of geothermal
development, much of the data are derived from a national programnveook in the 1980s and early
1990s. As a consequence, the data reflect monitoring technology and ideas at that time, and much of
the data are in analogue format.
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We describe the breadth of information available for soutbst England, and relant to the
development of enhanced geothermal systems. Sautist England is a geologically complex region
with a long and significant history of metal mining, producing primarily tin and copper. The
requirement to better understand the economic minepakential of the region has resulted in almost

200 years of applied and academic research. These studies generated a huge volume of data that
includes; geological mapping, geophysical and geochemical surveys, and numerous reports and peer
reviewed publicaibns.

Cornwall is currently witnessing a revival in interest in geothermal exploitation, with projects focussed

on both power generation and heat supply. These are producing significant amounts of data for the

sites concerned (albeit that some data arerreumtly restricted access for commercial reasons).

Previous geothermal research in the regmeaked between the 1976990s and focussed largely on

the high heat flows associated with the Cornubian granites1984 a programme of work was

dzy RSNI I 1Sy o6& GKS .D{ (2 laasSaa (GKS ! YQac 3S20KS
1984) the Camborne School of Mines was assessing the feasibility of creating HDR geothermal systems

at the Rosemanowes quarry tesite, on the Carnmenellis granite, Cornwall.

In summary a huge amount is known about the geology, mineralisation, fluid history and geothermal
potential of southwest England. A significant body of data underpins this knowledge base, the
majority of whch is freely, or openly available. However, there are limitations. For example, much of

this data (with the exception of a limited number of geothermal datag¢i®R, UDDGP project, Eden
Geothermal), only relatesto the upper 1000 m of the crust. Thistgasficant implications regarding

the accuracy of modelled conditions in an enhanced geothermal system (EGS) at greater depths. There
FNB Ffaz2z walkrLBAQ Ay Gdgedhyidalidata), arfsl somebdatdstdliaveindt beani SR |
updated since the creation several decades ago.
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Table 4.7: Summary of relevant datasets held by the BGS.

Datasets Description | Scale Coverage Access cost | Link
Hydrogeology
Depth to | Spatial model showing depth (m) to the ) o , | http://mww.bgs.ac.uk/products/hydrogeo
groundwater phreatic water table. 1:50,000 Great Britain | 15p per km logy/depthToGroundwat er.html
Hydrogeological | Spatial quel of aqglfer potential based 1:625.000 UK Free http://www.bgs.ac.uk/products/hydrogeo
maps on geological formations. logy/maps.html
- Spatial model showing flow regimes (e.g. i http://www.bgs.ac.uk/products/hydrogeo
Permeability P g' g g 1:50,000 Great Britain | 10p per km? 0 gs. 0 —
fracture flow) and relative flow rates. logy/permeability.html
Geophysics and remote sensing
High-resolution LIDAR digital terrain | Resolution ,
LiDAR model (DTM) and digital surface model | information on | SW England | Free kr;ﬁp.//wvvvv.tellusqb.ac.uk/data/home.ht
(DSM). website o
. . . ... | Resolution _
Airborne Airborne survey datashowingvariationin | . . http://www.tellusgb.ac.uk/data/airborne
) e information on | SW England | Free .
magnetics the magnetic field. ) GeophysicalSurvey.html
website
. . . . Resolution _
Airborne Airborne survey data for the radioactive | . . http://www.tellusgb.ac.uk/data/airborne
. . . information on | SWEngland | Free ;
radiometrics isotopes Th, U, and K. . GeophysicalSurvey.html
website
Land gravity A datab-ase of over 165,000 gravity NA Great Britain | Free http://vavv.bgs.ac.uk/products/qeophv5|
observations. cs/landGravity.html
http://www.bgs.ac.uk/products/geophysi
Geophysical An archive of geophysical downhole log NA Various £30 per hole cs/boreholelLogs.html
borehole logs data.
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Datasets Description Scale Coverage | Access cost| Link
Geology
. 2D lithological and structural mapping *»20p per | http://www.bgs.ac.uk/products/digitalmaps
Geological maps . *1:50,000 UK :
g P (bedrock and superficial) km? /DiGMapGB_50.html
A 3D bedrock model of the UK at http://www.bgs.ac.uk/research/ukgeology/n
K3D 1:62 K F
UK3 1:625,000 scale 625000 v ree ationalGeologicalModel/gh3d.html
Boreholes
Borehole A database of over one million records of Great http://www.bgs.ac.uk/products/onshore/SO
N.A. o Free
database boreholes, shafts and wells Britain Bl.html
Online access to more than one million Great http://www.bgs.ac.uk/data/boreholescans/h
Borehole scans N.A. o Free
borehole logs Britain ome.html
Physical properties
Rock stress Online access to almost 1,000 rock stress NA Gr_egt Free http://mapapps.bgs.ac.uk/rockstress/home.
measurements Britain html
Discontinuities Spatial model of discontinuities in 1:50 000 Great *»30p per | http://mww.bgs.ac.uk/products/groundCon
bedrock (e.g. fractures and faults) ' Britain km? ditions/discontinuities.html
Geochemistry
GBASE Geochemical baseline survey of soils and http://www.bgs.ac.uk/products/geochemistr
south-west stream sediments. N-A. SW England | Free y/GbaseSWproducts.html
Minerals
- A database of over 180,00 records of ***£50 per | http://www.bgs.ac.uk/products/minerals/BR
Britpits S : . . N.A. UK .
active/inactive mine & quarry workings region [TPITS.html
Footnotes:

* Other scales available (e.g. 1:25,000; 1:10,000; 1:625,000).
*» Commercial rate. Freeto use via the BGS valsed viewerhtip:/mapapps.bgs.ac.uk/geologyofbritain/home.html
** The full dataset comprises fifteen regions.
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Sedimentary Basins are defined as depressions of the Earth’s crust caused by subsidence, where
sediments have accommodated over long time periods forming thick layers of sedimentary rocks.
Those that are experiencing recent subsidence and still receigtfigments are referred to as active
sedimentary basins. Subsidence on a regional scale is often caused by tectonic stretching of the earth's
crust, where different types of tectonic basins can be distinguished in different plate tectonic
scenarios, such dmckarc basins (subduction), palpart basins, and rift valleys (divergence).

The layout of a sedimentary basins depends on the formation mechanism. Simple tectonic stretching
tends to produce elongated structures, pajpart basins and basins formey thermal subsidence can

also have more rounded shapes. The fill of the basins are predominantly sediments and sedimentary
rocks, but also volcanic effusion, dyke rocks and pyroclastic sediments can form the fill of the basin.

The rate of bedrock subsidemds typically on the order of millimeters per year and generally increases
from the edge to the center of a sedimentary basin. The thickness of the basin fill usually decreases
from the basin center to the edges. Basin formation caused by tectonicsaraatbrized by sgcalled

basin edge faults, where especially the filling is relatively sharply separated against the peripheral
bedrock. In the course of the geological history of a sedimentary basin, its deposit centers can shift,
which is reflected in dictuating thicknesses of strata of different ages in different regions of the basin.
The extent to which the subsidence is expressed morphologically in an active sedimentary basin
depends on the amount of deposited sediment per unit time (sedimentatioa)rat

The sediment is almost always brought into the basin from the surrounding elevated areas exposed to
erosion by flowing water, i.e. rivers and streams as well as ocean currents. In certain areas of a
sedimentary basin characterized by relatively steefief, mass movements such as suspension or
debris flows are also important for sediment transport or deposition. With high subsidence rates, the
height of the basin often drops below sea level, and the sea then usually penetrates into the
correspondingregion, particularly at continental margins. Sedimentary basins are therefore often sea
basins with marine sedimentation. With lower subsidence rates or a very remote location,
sedimentation is more likely to occur in lakes and alluvial plains. In seakerblsins in tropical
climates, the irsitu precipitation of calcium carbonate or relatively easily soluble salts (evaporites)
often plays an important role in sedimentation.

The layers that were first deposited in a sedimentary basin get deeper ancedeeih continued
subsidence, are pressed together by the weight of layers that are subsequently deposited
(compaction) and are transformed into sedimentary rocks such as sandstone or claystone in the long
term (diagenesis). In continental sedimentary basithe younger (upper) layers of gravel and other
loose material often contain important reservoirs of groundwater that can be used for drinking water
production. In the course of subsidence, the remains of dead plants (including algae) accumulated in
the subsidence area and were successively covered by layers of gravel, sand and clay. Where this
occurred in the absence of air, coal, oil and natural gas formed from the organic residues. The
coalification or thermal ripening of the remains is promoted by ftarther sinking of the sedimentary

basin, continuous deposition and the increasing temperature of the subsoil. Examples of sedimentary
Basins in midEurope are: The North German Basin, NGB (Poland, Danmark, North Sea, Germany, The
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Netherlands), the UppdRhine Graben (France; Germany, Switzerland), the Vienna Basin (Austria), the
Molasse Basin (Germany, Austria, Switzerland), the Pannonian Basin (Austrai, Hungary), and the
Parisian Basin (France).

Extraction of raw materials from geothermal fluids haseatly been considered and tested for the
brines from the Upper Rhine Valley (a continental sedimentary basin in a rift valley). At several
geothermal sites (e.g. Insheim, Bruchsal) methods of lithium extraction are being investigated, both
within researchprojects (e.g. the German national funded research project UnLimited, with the
research site Bruchsal or the EU project EugeLi) and within purely commercial attempts by Vulcan
Energy Resources, who are currently studying this at the Insheim Geothermbi sibmtrast to those
projects, we focus our investigation within the CRjglbthermal project, on the potential for all critical

raw materials. In the following, their occurrence is presented for the North German Basin as an
example of a sedimentary basimEurope.

Location:The North German Basin is a rift basin located in west and central Europe. As part or sub
basin of the Southern Permian Basin it stretches in a reotlth direction from the Southern Baltic
Sea and North Sea ass northern Germany to the German Mittelgebirge (low mountain range), and
in an eastwest direction from Poland to the Netherlands (Figure 5.1).

Geological FormationThe basin fill is composed of Permian to Cenozoic sediments that can reach a
thicknessof up to 1@;12 kilometers. The evolution was largely influenced by several stages of rifting,
subsidence, and salt tectonic events. Basin formation started with an initial rifting period in the late
Carboniferous (29285 Ma) associated with the Varisci@rogenesis. This initiated an intensive
Volcanism (in the Permian) resulting in the formation of partly km thick volcanic rock layers in several
eruption periods. During the following phase of main subsidence, a rapid accumulation of sediments
from the Upper Rotliegend to the Bunter period (Permian to Triassic) occurred. A second phase of
North to South rifting from 252 to 200 Ma (TriasEiarly Jurassic) was initiated by the bregkof the
supercontinent Pangea causing a eagst extension. This evenbnhonly resulted in the formation

of the Triassic grabens, but also initiated salt tectonics. Another phase of subsidence followed until a
doming phase during the Middleate Jurassic centered in the region of the North Sea (Middle Jurassic
erosional uncoformity) that caused the erosion of of Upper Triassic and Lower Jurassic strata. A third
rifting phase eventually took place in the Late Jurassic-{B5/Ma) that resulted in the detachment

of the Zechstein evaporites also affecting the migration of ratgas and oil formation that formed

from organierich mudstones from the Kimmeridge Clay Formation (Jurassic, marine; Alrichs et al.,
2020). Figure 5.1 shows part of the NGB area and profile iFSMMdirection that points out the
various thick, sedimentg layers that increase in thickness towards the Basin center.

Figure 5.1 also shows the fault structures and the Zechstein salt doming. The major challenge for
exploration of all geothermal projects in the region of the NGB are the salt tectonics. Daajuir
pillows of Zechstein salt (several layers of limestone, gypsum, sodium chloride and potassium chloride)
are distributed across the NGB (Figure 5.2). The Zechstein is a lithographical group within the Permian
geological period that sedimented betwee&260 and 250 Million years ago. It begins with the
deposition of coppercontaining shale (Kupferschiefer). (As the name suggests the Kupferschiefer
yields large amounts of copper and was mined for that since medieval times at many locations in
Germany and @land). The Zechstein Sea, transgressed from the north, left behind up to seven cycles
with partly siliciclastic, partly carbonate, partly evaporitic sediments (Werra, Stal3furt, Leine, Aller,
Ohre, Friesland and Fulda). A cycle consists of mudstone, ioMeyldimestone or dolomite and above

that a sequence of anhydrite, halite, and potash. During later uplift of the salt the overlaying
formations were tilted, twisted and thinned thus making it often difficult to predict the exact thickness
and occurrencef expected formations for geothermal exploration purposes.
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Figure 5.1Tectonic map of the North German Basin (a) and geological cross section along profileZ Z&Ri)drom
Alrichs et al. (2020).

Details to Fig. 5.1 a: Tectonic map of the No&érman Basin including major geological structures (based on Vejbaek &
Britze, 1994 Schliter et al.1997; Baldschuhn et al2001; Pharaoh et al.2010 Al Hseinat & Hiibsche2017; Seidel et
al.,2018 Mazur et al.2020). Inset shows approximate outline of the northern and southern Permian Basin. Red line marks
position of profile BGR1854 analyzed in thistudy. A= Anklam Fault; AFSAgricola Fault System; BfBergen Fault;
CDF=Caledonian Deformation Front; ElEIbe Lineament; HFHiddensee Fault; MRBMiddle Riigen Block; N3Nord
Jasmund Fault; PBPrerow Depression; PEPrerow Fault Zone; SFStrelasund Fault; SKFSkurup Fault; SRBSouth
Rigen Block; SEZSorgenfreiTornquist Zone; S\WSvedala Fault; TTZTornquistTeisseyre Zone; VBMariscan
Deformation Front; WFZWerre Fault Zone; WEWiek Fault; WPESWestern Pomeranian F#uSystem. (b) Condensed
geological cross section along profile BGRE8 analyzed in this study, showing main structures and stratigraphic features.
Seismic data acquired during cruise MSM52 (Hibscher &Cdl6).
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