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Abstract

Granite based geothermal systems are currently being explored in Cornwall for their potential to decarbonise
energy production. Fault structures, known locally as cross-courses, are being targeted due to their potential
to both host fluids at depth and create zones of enhanced permeability through fault related fractures. These
structures have been transmissive in the past, evidenced by mineral veins, and surrounding host rock
alteration. Hydrothermal alteration has the potential to affect the petrophysical properties of a rock, however
these effects on potential geothermal systems has received little attention to date. In this study we measure
the tensile strength, porosity and permeability of samples of Carnmenellis Granite which have been
hydrothermally altered to different amounts. We find that hydrothermal (argillic) alteration leads to a weaker,
more porous and permeable rock, which has implications both in terms of reservoir volumes and fluid
production rates. The alteration of feldspars into clay minerals leads to microporous regions that are connected
throughout the material, and consequently an increase in total porosity by an order of magnitude and matrix
permeability by up to 4 orders of magnitude. However, fractures hosted in the altered material are more likely
to close under higher effective stress than those hosted in comparatively unaltered material, which leads to a
lower fracture permeability. Finally, we demonstrate that hydrothermally altered zones have the potential to
host significantly greater amounts of accessible fluid than the fractures alone, and that they should be

considered when assessing reservoir volumes in these types of geothermal systems.
1. Introduction

Geothermal energy is one of the few low carbon renewable energy technologies that can provide a continuous
supply of energy, both heat and power, and so contribute to baseload demand. Historically, geothermal energy
development has been confined largely to areas near plate boundaries or active volcanism, where local
geothermal gradients are particularly high, and high temperature fluids (>200°C) are accessible within the
shallow subsurface (<3 km depth) (Harvey et al. 2016). However, High-Heat Producing Granites (HHPGSs)
provide an opportunity for geothermal power production away from plate boundaries. HHPGs contain high
concentrations of uranium, thorium and potassium, which undergo radioactive decay and so give off heat
(Busby et al. 2015; Artemieva et al. 2017; Busby and Terrington 2017; Mccay and Younger 2017; Gluyas et al.
2018). In the UK the average geothermal gradient is ~26°C/km (Busby 2010), as it is far away from any active

plate boundary or active volcanism. However, in areas that contain HHPGs, the geothermal gradient often
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exceeds this, for example in Cornwall, where local geothermal gradients can exceed 35°C/km (Beamish and
Busby 2016).

The potential for geothermal energy development in Cornwall has been known for many years (Rollin 1982;
Pine and Batchelor 1984; Busby 2010; Beamish and Busby 2016; Busby and Terrington 2017; Batchelor et al.
2020), and in the 1970-80s Rosemanowes Quarry was the site of the Hot Dry Rock (HDR) Project (Pine and
Batchelor 1984; Parker 1999). Here a series of wells were drilled and hydraulically stimulated within the
Carnmenellis Granite to assess the likelihood of creating and improving permeability at depth. Two of the main
findings were that: 1) an elevated geothermal gradient exists locally, and 2) that existing fracture networks can
be permeable at depth. Despite these results, the interest in geothermal energy in the UK diminished in favour
of other cheaper energy sources (Gluyas et al. 2018). Recently there has been a renewed impetus to deep
geothermal energy development in Cornwall, with two projects having drilled wells to depths of ~5 km and
recorded bottom hole temperatures over 190°C. The two projects are the United Downs Deep Geothermal
Power (UDDGP) project and the Eden project (Batchelor et al. 2020). While there are differences in the granite

types being targeted for these projects, the play type is similar in both (Figure 1).

» o
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Figure 1: Schematic of geothermal system at UDDGP, modified after (Ledingham et al. 2019). The photograph
was taken from a fault zone at Holman’s Test Mine, 1.5 km SE of Camborne (Cornwall, UK), where samples

for this study were collected.
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Granites are known to have very low porosities and matrix permeabilities, and therefore a well-connected
fracture network is required to host and transmit fluids through the rock (Abesser et al. 2020). This fracture
network needs to be intersected by both producer and injector wells for a project to be economically viable.
Although fractures are common in the subsurface, predicting their properties such as length, aperture,
connectivity and permeability is non-trivial. Faults often contain pervasive, well-connected fracture networks in
their damage zone (Faulkner et al. 2010), and the two projects in Cornwall aim to exploit these fracture
networks to transmit fluids (Figure 1). The faults that are being targeted are the Porthtowan Fault Zone within
the Carnmenellis Granite (UDDGP) (Ledingham et al. 2019) and the Great Cross-course within the St Austell
Granite (Eden) (Eden Geothermal Limited 2023). Both are examples of the ‘cross-course’ fault zones that
occur throughout SW England. These typically strike NW-SE to N-S (with a subordinate conjugate NNE-SSW
set) and their name is derived from a typical high angle intersection with, and displacement of, granite-related

magmatic-hydrothermal veins hosting W-Sn-Cu-Zn mineralisation (e.g. Dines 1956; Dearman 1963).

Cross-course fault zones have a complex evolution involving multiple episodes of reactivation. Some initiated,
within the pre-granite host rocks, as strike-slip transfer faults during NNW-SSE Variscan thrusting
(Carboniferous). These same fault zones also acted as strike-slip transfer faults during the immediate post-
Variscan NNW-SSE extensional regime that controlled granite generation and emplacement, and magmatic-
hydrothermal W-Sn-Cu-Zn mineralisation (Early- to Mid-Permian) (Shail and Alexander 1997). Faults of this
orientation propagated from the host rocks into the granites during this episode. Regional late Permian to
Triassic ENE-WSW extension resulted in extensional reactivation of NNW-SSE striking fault zones, the growth
of new extensional faults, and substantial migration of epithermal basinal brines that is manifested in granites
by, respectively, the occurrence of quartz/chalcedony + siderite/hematite veins and kaolinised/hematised wall
rocks (Chadwick and Evans 1995; Shail and Alexander 1997; Gleeson et al. 2000). During Cenozoic N-S
intraplate shortening, strike-slip reactivation of cross-course fault zones occurred throughout SW England
(Dearman 1963; Holloway and Chadwick 1986).

Mineralisation along fractures and adjacent hydrothermal alteration attest to cross-course fault zones
possessing at least transient permeability that has controlled multiple episodes of paleogeothermal fluid
migration, including hydrocarbons (Baba et al. 2018). Nevertheless, mineralisation and hydrothermal alteration
can affect the present-day transport properties (Stanék and Géraud 2019). In the context of geothermal energy
projects these processes are therefore key to determine project viability. Though this has been investigated
by some authors (Stimac et al. 2015; Mayer et al. 2016; Mordensky et al. 2018; Heap et al. 2019; Stanék and
Géraud 2019), our understanding of the implications of these processes on geothermal energy systems
remains poor. For example, a reservoir can often become compartmentalised by mineralised fractures
(Gudmundsson 2011; Moore and Wade 2013) or permeability may be drastically reduced through the

conversion of feldspars to clay minerals (Heap et al. 2019). Alternatively, the alteration process may enhance
porosity and permeability by dissolution and loss of alteration products (Nishimoto and Yoshida 2010; Mayer

et al. 2016).

Our study aims to investigate and improve our understanding of how both hydrothermal alteration and the
presence of fractures affect the reservoir properties of the Carnmenellis Granite. It is therefore directly relevant

for the UDDGP project, but also for other similar granite-based geothermal systems. We conducted a series
3
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of experiments on both fractured and intact granite samples of different alteration grade and measured their
porosity and permeability. We further investigate potential reasons for the permeability behaviour by analysing
sample composition and structure using scanning electron microscopy (SEM), optical microscopy, and X-ray
computer tomography (XCT).

2. Sample material
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Figure 2: Map of south-west Cornwall (England) indicating the locations of three major plutons. The plutons
are part of the Cornubian Batholith that was emplaced during Early Permian post-collisional extension. The
map shows the sampling location (Holman’s Test Mine) and trace of the Porthtowan Fault Zone (modified after
Simons et al. (2016)).

Granite samples were collected from the Carnmenellis pluton in SW Cornwall, England. The pluton is part of
the Cornubian Batholith that spans from the Isles of Scilly in the SW to the Dartmoor pluton in the NE (Bott et
al., 1958). The batholith was emplaced during Early Permian post-collisional extension and the upper parts of
the Carnmenellis pluton was dated to 293.7 + 0.6 Ma ago (Chesley et al., 1993). Due to the lithophile behaviour
of radioactive elements like uranium and thorium, granite bodies often contain higher concentration of these
elements relative to the surrounding host rock. The decay of these elements causes enhanced heat flow which,
in the case of Cornwall, is close to double the UK average (Busby and Terrington 2017). The Carnmenellis
Granite is a two-mica (biotite-muscovite) granite; it is medium- to coarse-grained and contains K-feldspar

phenocrysts (< 25 mm) that make up <5 to 25 wt% of the rock (Simons et al. 2016).

The granite samples used in this study have been collected from the Holman’s Test Mine which is located
about 1.5 km SE of Camborne and reaches depths of approximately 30 m from the present-day surface within
the Carnmenellis Granite (Figure 2). The mine was chosen as a source for sample material because the rock
in the mine has undergone a lower degree of alteration by weathering compared to surface samples. The
granite within Holman’s Test Mine hosts multiple steeply-inclined quartz-tourmaline-chlorite veins that formed

during magmatic-hydrothermal mineralisation and these are post-dated by minor cross-course fault zones that
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host quartz + hematite veins and are accompanied by wall-rock kaolinisation (Figure 3). We consider these

structures to be an appropriate small-scale analogue for investigating processes that influence permeability

relevant for geothermal energy projects in Cornwall.

Figure 3: Minor cross-course fault zone hosted by the Carnmenellis Granite within the Holman’s Test Mine.
The fault zone include quartz + hematite veins and wall-rock kaolinisation and crosscuts earlier quartz-
tourmaline-chlorite mineral veins that formed during granite-related mineralisation. The pen is placed in the

fault core for scale.

Faults can act as either barriers or channels for fluid flow in rocks (Gudmundsson 2011). In crystalline rocks
like granites, they are required to enable economical fluid production for a geothermal system. Hydrothermal
fluids flowing along the fault promote geochemical alteration of the host rock. The rock is gradually less altered
the further it is located from the fault core (Nishimoto and Yoshida 2010) due to a reduction in flow paths
(fractures) further away from the main structure (Faulkner et al. 2010). We investigate the alteration along the
cross-courses in Holman’s Test Mine as proxy for alteration in the Porthtowan Fault Zone at depth. Our
samples were collected to capture and characterise the different natural geochemical alteration stages of the

granite.

The three samples analysed in this paper (Figure 4) are cohesive and medium-grained and were chosen to
represent progressive natural hydrothermal alteration. We have therefore termed these samples ‘unaltered’,

‘slightly altered’, and ‘highly altered’ granite.

X-ray diffraction compositional analysis of the ‘unaltered’ granite’ (Table 1) indicates quartz (31 wt%), K-
feldspar (28 wt%), and plagioclase (20 wt%), amounts typical for a pristine granite, while it contains only a very
low amount of secondary clays (3 wt% kaolinite+chlorite+smectite) in addition to the primary muscovite and
biotite (18 wt%). The sample shows no obvious alteration colours and was collected farthest from the fault

core.

The ‘slightly altered’ granite contains thin tourmaline veins (2 wt%) and has a light brown colour. It contains

similar amounts of quartz and feldspars as the unaltered granite but shows incipient chloritisation (5 wt%

chlorite and smectite) and kaolinisation (2 wt% kaolinite) that account for the reduction in primary biotite and

muscovite (12 wt%). Tourmaline veins are indicative of magmatic-hydrothermal mineralisation which occurred
5
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during, or shortly after, pluton construction (Early Permian) (Chen et al. 1993) and pre-date the quartz veins

developed in the cross-course fault zone (late Permian — Early Triassic). Nevertheless, they may also affect

the mechanical and transport properties of the granite hosting them.

The ‘highly altered’ granite, has been degraded, primarily by the transformation of plagioclase feldspar into
clays (argillic alteration). The sample was collected closest to the fault core to be sufficiently cohesive for plug
preparation. More unconsolidated sample material was collected to investigate additional alteration states, but
they were unsuitable for the experiments presented in this paper but are discussed in terms of friction
properties in (Harpers et al. (2022).

Blocks of the three granites were used to prepare an intact (unfractured) and a fractured set of 1” sample plugs
for the three materials tested. The samples were then cut and ground to result in plugs of 0.5” length. The
highly altered granite was too weak for coring, so disks were instead turned from a block of material using a
lathe. We then measured the permeability of the unfractured samples to obtain matrix properties; permeability
testing of the fractured samples followed Brazil disk testing (ISRM 1978; Ulusay 2014) using a deformation
rate of 0.1 mm/min. The Brazil disk test is used to measure the indirect tensile strength of a sample (Table 1),
and in doing so a Mode-I fracture which spans the sample is produced. The slightly altered granite has the
highest tensile strength (15.30 £ 0.64 MPa), which is marginally higher than that of the unaltered granite (11.31
+ 1.33 MPa). The highly altered granite is significantly weaker than the other two materials (1.55 MPa).

NMR analyses were carried out on water-saturated samples with an in-house constructed fixed-field Halbach-
based 0.23T rock core analyser at the Sakellariou NMR lab of the KU Leuven. T2s were measured by the Carr
Purcell Meiboom Gill (CPMG) method (Carr and Purcell 1954; Meiboom and Gill 1958). After calibration, with
known quantities of water and brine (CuSOa), total porosity was estimated based on signal intensity and the
proportional area under the T2 distribution curve. Simultaneously, Archimedes porosities, based on dry,
saturated and submerged weights, were determined. The porosities, independent of the technique, of both the
unaltered and slightly altered granite are broadly similar (1-2%), whereas the porosity of the highly altered

sample is much higher (~10%).

Table 1: XRD results for granitic samples used in this study in wt%. After Warr (2021): Ms muscovite, Bt biotite,

It illite, Chl chlorite, Sme smectite.
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Mineral (wt-%) highly altered slightly altered unaltered

Quartz 37 30 31
Plagioclase 1 20 20
K-Feldspar 38 28 28

Ankerite <05 <05
Anhydrite <05 <05
Tourmaline <1 2.0 <1
Ms+Bt+11t* 10 12 18
Kaolinite
Ch+Sme* 3 5 2
Unknown** 3 2 <1
Tensile strength (MPa) 1.55 15.30+0.64 11.31+1.33
Porosity (%) 10.31 121 1.99

*Abbreviations after Warr (2021)

**Amorphous and not identifiable components

Figure 4: Sample disks from left ‘unaltered’, middle ‘slightly altered’, to right ‘highly altered’. Note changes in
colour due to alteration. The ‘highly altered’ sample was prepared in a lathe, while the other two were plugged
using a coring drill. After Warr (2021): PI plagioclase, Kfs K-feldspar, Qz quartz, Bt biotite, Tur tourmaline, Kln

kaolinite.

3. Methods

3.1. Permeability

The permeability of both fractured and intact samples was measured using a Dynchem permeameter at the
GeoEnergy Laboratories, Heriot-Watt University. Samples were tested using both the steady-state and non-
steady state methods (Fink et al. 2017; Forbes Inskip et al. 2022). In both instances nitrogen was used as the
permeating fluid, at a constant temperature of 25°C. Samples were placed in a Viton™ sleeve to stop the
confining fluid (water) accessing the sample, before then being placed in a pressure vessel. Confining pressure
was applied isotropically, via the confining fluid, while the permeating fluid (nitrogen) was introduced to the
sample at one end of the sample at pressure (upstream) which then permeated through the sample towards
the other end of the sample (downstream) which was at a lower pressure. The mean pore fluid pressure (Pp)

was kept constant at 1 MPa, and the confining pressure (Pc) was varied in steps in order to derive a
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permeability versus effective stress relationship for each sample tested. Here we consider the Terzaghi’s
effective stress relationship, i.e. Pc — Pp. The effective stresses that were tested in all experiments were 4, 9,
19, 29 and 34 MPa.

All fractured samples, but also the sample of intact highly altered granite were tested using the steady-state
method, while the intact samples of slightly altered and unaltered granite were tested using the non-steady
state method. Descriptions of both methods are given below, but it is necessary to use the non-steady state
method if sample permeability is so low that it is not possible to reach a constant flow rate in a reasonable time
frame (<several weeks) when using the steady state method. However, the apparatus is calibrated regularly
using a ceramic plug of a known permeability, and the difference in results between the two methods is
negligible. Unfortunately, due to operational problems during testing it was not possible to obtain reliable

permeability data for an intact sample of unaltered granite.
Steady-state method

A mass flow controller was used to measure the mass flow of the permeating fluid through the sample, and
experiments were continued until a constant mass flow rate was reached, thus satisfying the steady-state test
requirements. We converted the mass flow rate into volumetric flow rate using the density of the fluid and the

equation of state of the fluid at a 25°C (Span et al. 2000). We then calculated the sample permeability using

Darcy’s equation:

where k is permeability [m?], Q is volumetric flow rate [m2 s], u is viscosity [Pa s71], L is sample length [m], A

is cross sectional area [m?] and Ap is pressure difference [Pa].

Two loading and unloading cycles were carried out for each sample, starting at an effective stress of 4 MPa
and working up to an effective stress of 34 MPa before decreasing the effective stress again back to 4 MPa

and conducting the cycle again. A significant amount of hysteresis is observed between the first loading cycle
and the subsequent cycles. This is commonly observed in such experiments (Cuss et al. 2017; Houben et al.
2020; Forbes Inskip et al. 2022), and is due to the sample being loaded from ambient pressure conditions in

the first cycle. We omit data from this first loading cycle in the results and analysis that follow.
Non-steady state method

We use the non-steady state method where the permeability of a sample is so low that it requires a long period
of time (>several weeks) to reach a constant flow rate required for the steady-state method. This method
involves measuring the pressure decay of the permeating fluid over time within a known volume upstream,
and simultaneous pressure increase with time within a known volume downstream. The slope of the In(Pup —

Pdown) Vs time is calculated from this pressure data, which we denote as c.

The permeability is then calculated using the following equation:

e c-pu-L
Ay ()
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where z is gas compressibility factor [-], V1 is upstream volume [m?3] and V2 is downstream volume [m3].

We use a Klinkenberg correction to correct for slip flow (Klinkenberg 1941; Rushing et al. 2004; Fink et al.
2017). This allows us to obtain an equivalent liquid permeability for each effective pressure step, which is

important when considering water/brine based geothermal systems like those in Cornwall. Due to the time
constraints we were not able to measure the permeability of the intact sample of slightly altered granite at an

effective stress of 34 MPa, and only one loading cycle was performed.

3.2. Image analysis

Samples were imaged and analysed using a combination of optical microscopy, Scanning Electron Microscopy
(SEM) and micro-Computed Tomography (u-CT). Image analysis was used to characterise the materials
petrographically, and understand how the texture of the materials varies due to alteration processes. While
microscopy can provide valuable information in 2D, it is not possible to use these techniques to analyse how
pervasive alteration and fracturing is across a sample. We therefore use u-CT image analysis to characterise

samples in 3D.
Microscopy

Thin sections of the unaltered and highly altered granites were prepared using standard practice. This involved
polished using standard mechanical means and the thin sections were not covered in order to conduct SEM
analysis. A standard microscope was used to analyse the thin sections using both plane polarised and cross
polarised light, while a Quanta 650 FEG SEM was used for the SEM analysis. Resolution of the SEM analysis

is ~1.3 um. Thin sections were not prepared of the slightly altered granite due to material availability.
pu-CT

Following the permeability experiments samples were scanned under ambient conditions using an EasyTom
p-CT Scanner, at the Rock Mechanics Laboratory at Heriot-Watt University, at a resolution of ~15 pum. The
scans were denoised using a non-local means filter using Avizo (ThermoFisher Scientific) and then different
minerals were identified using intensity thresholding, which describes the definition of phases based on grey-

scale windows in the scan.

4. Results and discussion

Permeability of Intact samples

Figure 5 shows matrix permeability against effective stress for intact samples of the slightly altered and highly
altered granites. The permeability of the highly altered material is up to four orders of magnitude higher than
that of the slightly altered material. The data from both rock types fit a power law function well, which is common

when plotting permeability against effective stress (Phillips et al. 2020).

The permeability of the slightly altered material at an effective stress of 29 MPa is slightly higher than at an
effective stress of 19 MPa, which is unexpected. This is likely due to the fact that the measured values are
near the limit of equipment permeability resolution (~10-2 m2) and so any difference at this level may fall within

the error of the measurement itself.



262  Although it was not possible to gather permeability data for an intact sample of unaltered granite, we assume
263 that the permeability is similar to that of the slightly altered granite given the similarities in porosity and

264 mineralogy.
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266 Figure 5: Permeability against effective stress relationship of intact Carnmenellis Granite samples.

267 Permeability of Fractured samples

268 Figure 6 shows permeability against effective stress data for fractured samples of all three rock types. Fluid
269  flow comprises a matrix and fracture component. In low permeability rocks (e.g. crystalline rocks, mudrocks,
270  shales) fluid flow will be dominated by the fracture component, but for more permeable rocks (e.g. porous
271 sandstone and limestones) the contribution of the matrix is also important to consider. Fracturing increases
272 the permeability of the slightly altered granite by over 4 orders of magnitude, and by about order of magnitude

273 for the highly altered material.

274  The permeability of the fractured unaltered granite is up to half an order of magnitude higher than that of the
275 slightly altered granite which itself is over an order of magnitude higher than that of the highly altered granite.
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Figure 6: Permeability against effective stress for fractured samples Carnmenellis Granite.

Although the Brazil disk test method usually only produces a single throughgoing tensile fracture, it can
sometimes create multiple throughgoing fractures. u-CT analysis of the fractured samples used for this study
reveal a second, “branch” fracture within the unaltered granite sample (Figure 7). This fracture also spans the
whole thickness of the sample, and it therefore likely contributed to fluid flow during our experiments. In
contrast, the slightly altered and highly altered granite samples contain some smaller scale fractures, most of
which are largely or wholly contained within individual crystals (Figure 7), and therefore unlikely contributed to

fluid flow across the sample.

Due to the similarities between the unaltered and slightly altered granites in terms of porosity and mineralogy,
and given that the matrix permeability of the slightly altered material — and assumed unaltered material - is
incredibly low (<1 x 102 m?), we suggest that the difference in terms of permeability of the fractured samples
of these two rock types is due to the contribution to flow through this branch fracture, rather than any difference

in material properties.

11
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Figure 7: CT images of fractured samples of A) Unaltered Granite B) Slightly Altered Granite C) Highly Altered
Granite. A central throughgoing fracture is observed in all three samples, but a throughgoing branch fracture
is observed in the sample of Unaltered Granite. For the samples of Slightly Altered and Highly Altered Granite
any other fractures are largely or wholly contained within individual crystals and do not span the thickness

of the sample.

Textural controls on permeability

The results of this study demonstrate that there is not a significant difference in porosity and mineralogy
between the unaltered and slightly altered granite. Although we were unable to produce reliable permeability
data for the intact sample of unaltered granite, we assume that it would be comparable to the slightly altered

granite (i.e. <1 x 102° m2) due to these similarities, particularly in terms of very low porosity (<2%).

There are significant differences between the highly altered and the slightly altered - and we assume unaltered
- granites in terms of matrix permeability. The main alteration process observed around cross-courses (and
therefore our sample set) is argillic alteration, which describes the formation of clay minerals (kaolinite and
smectite) at the expense of plagioclase (Bevins et al. 2010). The dissolution-precipitation replacement of
plagioclase with microcrystalline and microporous clay aggregates is open system behaviour and increases
rock porosity as some plagioclase components are lost in solution. Some clay particles may also be lost,
increasing porosity further, and resulting in a relative increase in quartz (37 wt%) and K-feldspar (38 wt%)
12
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relative to the unaltered / less altered granites. This can be seen in the thin section in both Figure 8 and Figure
9. Figure 9 shows a series of microscopy images (optical and SEM) of the highly altered material that focus
on a clay rich region, i.e. the altereation products. In Figure 9d small (micro) pores are observed between the
clay particles (i.e. intergranular porosity), which we suggest is the reason that the highly altered material has
such a high porosity (~10%). By comparison, Figure 10 suggests that alteration of some minerals within the
unaltered granite has started but it has not yet affected the rock composition significantly (Table 1). The
unaltered granite contains almost no pores or fractures (see Figure 8), which supports the hypothesis that the

matrix permeability is at least as low as the slightly altered granite.

The difference in matrix permeability of the slightly altered — and we assume unaltered - granite and the highly
altered granite suggests that the ‘pores’ created through argillic alteration of the highly altered granite are

connected throughout the sample, despite the process mainly affecting the plagioclase (20-35% of the

unaltered rock mass).

Figure 8: SEM images of (a) unaltered and (b) highly altered Carnmenellis Granite, which was used in this
study. The red box indicates a region where a plagioclase has been fully altered into clays. This region is
subject of Figure 9. After Warr (2021): Pl plagioclase, Kfs K-feldspar, Qz quartz, Bt biotite, Ms murcovite, Kin

kaolinite, Ilt illite.

13



clays in optical image

region indicating crystal distribution and

cross-polarised light images of the

o O
0 L
at
S £
2 =
2 a
s 3
5 ¢
1
c
OK
5 2
S5
L o
T 2
O
= C
—
S =
Ay
h—
O 0
= O
S
S 5
o O
O o
3 £
S
o
L e
c 0
c 5
s g
W_.l
()
[
S S
gr
o g
o
2 =
3 o
N
S o
o o
mV
CO
—_ o~
E &

and (c)
effect on rock colour (brown). (d) Focus on microcrystals showing elongated (platy)

Figure 9: Microcrystalline and
transformed feldspar into clays.

bottom right. (b) parallel-

326
327
328
329




331

332

333 Figure 10: Optical microscopic images indicating beginning of (a) chloritisation of biotite and (b) sericitisation
334  of plagioclase. Images taken under cross- (left) and parallel-polarised (right) light.

335 Insights from p-CT analysis

336  To verify the interconnectivity of altered minerals within the highly altered granite, we used p-CT analysis.
337 Using grey scale thresholding we were able to identify the different major mineral phases, as well as fractures
338 and void spaces within the material. Since denser materials appear brighter in CT scans, void spaces filled
339  with air, like pores or fractures, are black and less dense material, like the altered minerals, take on darker
340 shades of grey (see Figure 11). Our scans show that the alteration minerals occupy substantial volumes of our
341 highly altered sample and are connected over the whole length of the sample (Figure 11 and Figure 12) thereby

342 creating connected fluid pathways. This explains the higher matrix permeability (Figure 5) than in the slightly
15
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altered granite - and we assume the unaltered granite - which are devoid of significant alteration. Further CT-
analysis shows that the macroscopic pores (>15 microns) only account for 1-2% porosity in the highly altered
sample. As NMR measurements showed approximately 10% porosity, the remaining 8-9% must be related to

microporosity in the altered clay-rich zones, not resolvable from our CT scans.

In addition to the increase in porosity through argillic alteration, tectosilicates (feldspar) are transformed into
phyllosilicates, which are weaker (Okrusch and Frimmel 2020). Consequently, this leads to a decrease in rock
strength, increasing potential for fracture formation and propagation on a grain scale. We observe this in the
tensile strength data, but it has also been observed in the St Austell Granite that was targeted in the Eden
Geothermal Project (Coggan et al. 2013). This is also supported by our CT-scans which demonstrate that the
induced fracture, which spans the sample, is predominantly contained within the altered minerals (Figure 11).
In some cases, the fracture deviates from the ideal direction (parallel to loading) and avoids splitting stronger
K-feldspar or quartz crystals as can be seen in xz-cut in Figure 11. In comparison, the fracture in the unaltered
granite propagates along grain boundaries and crosses all types of crystal, because the main minerals (quartz,

feldspars) are comparable in strength which is different to the altered aggregates in the highly altered sample.

Taking this into account we suggest that the highly altered granite, and more specifically the asperities along
the fracture surface, are more easily deformed under loading. This leads to a reduced fracture aperture, and

consequently a lower flow rate and permeability than that of the unaltered/slightly altered samples.
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Figure 11: XRT scan images of the fractured highly altered sample. The images show cross sections in the
three major planes (xy, xz and yz). The images on the left hand side (a, c, e€) show the processed greyscale
images, where more dense and unaltered minerals (e.g. quartz) are brighter shade of grey, less dense and
altered phases (e.g. clay rich, microporous zone) are darker grey, and open spaces (e.g. fractures/large pores)
are black. The right hand side (b, d, f) show the segmented images, where more dense and unaltered minerals
(e.g. quartz) are black, less dense and alteration minerals (e.g. clay rich, microporous zone) are dark blue, and
open spaces (e.g. fractures/large pores) are light blue. The segmented images are used to identify the
connectivity of the altered, microporous regions across the material (also see Figure 12). The large fracture
volume in the xz-plane is caused by a steep angle between cross-section and fracture plane making the
fracture appear wider than it is. Furthermore, the position of a K-feldspar undergoing sericitisation is indicated

on the xz-plane.
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Figure 12: 3D render of the altered zones in the highly altered sample next to cross-sections of the CT-scan.
Clay rich, microporous altered regions (i.e. formerly feldspars, mainly plagioclase) are indicated by the blue
point clouds, while the most alteration-resistant quartz appears as void space. Using the 3D render illustrates

that the clay rich, microporous regions are connected across the sample.

Implications for fluid flow

Snippe et al. (2022) describe a method to calculate the fracture aperture and fracture permeability from plug
permeabilities of fractured samples. Using this method we can investigate further the effects of alteration on

fracture aperture, fracture permeability, and consequently the implications for fluid flow.

Figure 13a shows the difference between the fracture aperture of the three rock types, and how this varies
with effective stress. The difference between the fracture aperture calculated for the unaltered and slightly
altered granites remains relatively constant across all effective stress states. In contrast, the difference
between the fracture aperture calculated for the highly altered granite and the other two rock types increases
with effective stress. Given that fracture aperture and fracture permeability are related through the cubic law

(Snow 1969; Witherspoon et al. 1980; Zimmerman and Bodvarsson 1996), a similar relationship is observed

for fracture permeability against effective stress (Figure 13b).
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Figure 13: a) fracture aperture and b) fracture permeability against effective stress of the three rock types using
the method described by Snippe et al. (2022).

The method described by Snippe et al (2020) assumes that a single macroscopic fracture spans the sample,
and that fluid flow is controlled by this fracture. As has already been discussed, the fractured sample of
unaltered granite contained an addition branch fracture (Figure 7). While the absolute values of fracture
aperture and fracture permeability for the unaltered granite may not be accurate due to the presence of the
branch fracture, a relative comparison between data from the other two rock types can be used to understand
the differences in material properties and deformation mechanisms occurring within the samples. Both the
data of the unaltered and slightly altered material follow the same trend with increasing effective stress i.e. the
two do not diverge or converge. In contrast, the calculated fracture aperture and permeability of the highly
altered granite diverges away from the data of the unaltered and slightly altered granite. This suggests that
there is a fundamental difference in material properties that effects the fracture closure and permeability of the
highly altered material. For the range of effective stresses that we have investigated (1 — 34 MPa) the maximum
difference in fracture aperture between the slightly altered and highly altered granites is over half an order of

magnitude, and the difference in fracture permeability is over an order of magnitude.

When considering fluid flow through a reservoir containing both hydrothermal alteration and fractures,
understanding these differences is important (March et al. 2020), and they can significantly affect the long-
term behaviour of a system. Unless pore fluid pressure is maintained through recharge of a system, fluid
production will ultimately lead to a local decrease in effective stress. Should a significant portion of the
transmissive fractures in a system be hosted within highly altered (i.e. argillic alteration) material this will lead
to a more significant fracture closure than compared to fractures hosted in comparatively unaltered material,
which will likely lead to lower flow rates over time. For the highly altered granite that we have used in our study
the difference in plug permeabilities of the unfractured and fractured samples are approximately half an order
of magnitude at the highest effective stress that we tested. It may be even smaller at higher effective stresses,
where the fracture may be sufficiently closed that permeability is essentially matrix-controlled. Further
investigations of this aspect fall outside this study, but we believe that these effects on long-term productivity

should be considered in an upscaled reservoir modelling exercise supported by experimental data at higher
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effective stresses. A dual porosity model should be used to investigate the interaction between flow in the

matrix and fractures, which is another important consideration (March et al. 2018).

Implications for reservoir volume

The creation of porosity as a result of argillic alteration has significant implications for reservoir characteristics
and on the viability of geothermal energy projects in granite-based systems. Firstly, it is important to note that
zones of argillic alteration are confined to sites of previous fracture-controlled paleogeothermal fluid flow and
that the width of these zones can vary from several cm to 10+ metres (Reinecker et al. 2021). Also, the process
of alteration is gradual, and while we present data from three variably altered granites at varying distances to
a fault core, these only represent a snapshot of the reservoir. Rocks closer to the fault core may be more
porous and have a higher matrix permeability than those tested in this study, while those that exist (spatially)
between the highly altered and slightly altered material may have porosities and matrix permeabilities between
those presented in this study. It is therefore difficult to make quantitative predictions based on these data alone,

but this study demonstrates how alteration may impact reservoir quality.

One of the crucial implications from this study is that of the storage potential of reservoir fluids in the altered
zones. With a porosity of ~10%, the storage potential of the highly altered granite is not dissimilar to some
reservoir rocks in sedimentary basins (Weedman et al. 1992; O’Neill et al. 2018). The conventional view of
geothermal systems based in granite is either that they are dry (hot dry rock) and so fluids need to be
introduced to the system or that fluids are hosted within existing fractures (hot wet rock). Both types are
classified under Enhanced (or Engineered) Geothermal Systems (EGS) (e.g. Genter et al. 2010; Ledesert and
Hebert 2012; Olasolo et al. 2016; Lu 2018; Norbeck et al. 2018). Other crystalline-hosted geothermal systems
also contain mineralised fractures, which are indicative of paleogeothermal fluid migration in the past (e.qg.
Aquilina et al. 1997; Dezayes et al. 2005; Ledesert and Hebert 2012; Holl 2015). Consequently, it is likely that
there will be some amount of hydrothermal alteration in the surrounding rock mass, as observed in the
Carnmenellis Granite. The effects of hydrothermal alteration on the porosity of igneous rock has been
investigated previously (e.g. Stimac et al. 2015; Mayer et al. 2016; Mordensky et al. 2018; Heap et al. 2019;
Stanék and Géraud 2019). It has been demonstrated that depending on the type of alteration coupled to initial
rock and fluid composition, alteration can either lead to porosity increase or decrease, and therefore it has a
primary control on the storage potential of hot fluids. In the context of the granite-based systems of Cornwall,
but also those in the Scottish Highlands (Roberto Rizzo, personal communication), we observe a porosity
increase around cross-course fault systems and other fault orientations where substantial argillisation has
locally occurred. Qualitatively it is clear that the wider the zone of alteration, the greater the increase in the
storage potential in these geothermal systems. However, a simple quantitative assessment demonstrates the

potential implications in terms of resource assessment.
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For example, assume that the hydrothermally

Unaltered Open
Granite Fracture altered zone is 10 cm wide, with a porosity of 10%
Y - . . .
AN s and spans the length of a single transmissive
I .
“ fracture which has an aperture of 0.25 mm (value

taken from Heap et al. (2019). If this fracture and

zone spans a volume of 1 m3 (Figure 14), then the

fracture porosity as a portion of the whole rock can

be calculated according to:

1m
length x width X height X porosity

Total block volume

Pportion =

We assume a completely open fracture with
porosity of 1, which leads to a value of @portion Of
462 0.00025. By using the same equation, the porosity

Figure 14: Conceptual drawing of a system containing a of the hydrothermally altered zone as a portion of

fracture surrounded by highly altered material, used for the whole block is 0.01, i.e. 40 times greater. This

calculating the porosity portion (@portion) described in the means that the altered zone can host 40 times more

text fluid than the fracture. In reality, the hydrothermally

46/ altered zone will vary in width (from our
observations centimetres to 10+ metres) along a series of fractures within the fault zone. The fracture aperture
will also vary and the porosity of the altered zone will likely vary as a function of proximity to the fault core.
Furthermore, while the highly altered granite analysed in this study is permeable due to connectivity of the
secondary porosity developed by dissolution-precipitation reactions accompanying argillic alteration
(kaolinisation), this may not be the case for either more or less altered granite. The connected porosity is
therefore also important to consider when assessing the accessible resource. However, although our analysis
is simplified, it does demonstrate the implications that even a very modest amount of hydrothermal alteration

may have on the overall geothermal resource.

5. Conclusions

We have measured the mineralogy, tensile strength, porosity, and permeability of samples of Carnmenellis
Granite, taken from Holman’s Test Mine in Cornwall. The sample material is of varying stages of argillic
alteration, caused by paleogeothermal fluid flow and wall-rock alteration accompanying the development of
the cross-course fault system. Three stages of alteration were evaluated: unaltered (near pristine granite),
slightly altered (containing tourmaline and very minor amounts of argillic alteration) and highly altered

(significant argillic alteration).

We found that the slightly altered granite is the strongest, likely due to the presence of tourmaline, and that the
highly altered granite is weakest, likely due to higher porosity and clay content generated during the

replacement of plagioclase feldspar. There is no significant difference between the unaltered and slightly
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altered granites in terms of porosity (1-2%) and we therefore assume that the two also have comparable matrix
permeabilities (~102° - 102! m?). There is a significant difference between these two and the highly altered
granite, which has a porosity of ~10% and a permeability of ~1017 m2. Using a combination of optical
microscopy, SEM and XRT we demonstrate that the porous, clay rich zones, primarily resulting from
plagioclase replacement, are connected across the thickness of the highly altered material, and this is likely

the cause of the significantly increased permeability.

Fractured samples exhibit an increase in permeability, but when comparing the different alteration grades, the
highly altered material has a lower plug permeability (~10-¢ - 1017 m?) than the unaltered/slightly altered
material (~101> m2). We explain this by asperities along the fracture surface in the highly altered material that
are weaker compared to the unaltered/slightly altered material. Therefore, this leads to a reduced aperture and

consequently permeability under the same loading conditions.

Finally, we demonstrate that the accessible energy resource in granite-based geothermal energy systems, like
those in Cornwall, is highly dependent on alteration zones surrounding transmissive fractured zones. Using a
simple analysis, we show that depending on the porosity and thickness of the altered zone, the overall
extractable resource can vary by several orders of magnitude. We therefore stress the importance of
understanding the amount and type of alteration present with such geothermal systems, and its effect on the

reservoir quality at an early stage of a project.
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