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geothermal reservoirs is strongly affected by interactions between the host rock and the fluids flowing
through the rock’s permeable pathways. Precipitation of secondary mineral phases, the products of fluid-
rock interactions, within the fracture network can significantly reduce the permeability of the overall
system, whereas mineral dissolution can enhance reservoir permeability. The coupling between these

Keywords: two competing processes dictates the long-term productivity and lifetime of geothermal reservoirs.
permeability In this study, we simulate the conditions within a geothermal system from induced fracturing to
fluid-rock interaction the final precipitation stage. We performed batch and flow-through experiments on cores of the
dissolution Carnmenellis granite, a target unit for geothermal energy recovery in Cornwall (UK), to understand the
clay mineral precipitation role of mineral dissolution and precipitation in controlling the permeability evolution of the system.

geothermal systems The physico-chemical properties of the cores were monitored after each reaction-phase using ICP-

OES, SEM, hydrostatic permeability measurements, and X-ray Computed Tomography. Results show
that permeability evolution is strongly dependent on fluid chemistry. Undersaturated alkaline fluids
dissolve the most abundant mineral phases in granite (quartz and feldspars), creating cavities along the
main fractures and generating pressure-independent permeability in the core. Conversely, supersaturated
alkaline fluids, resulting from extended periods of fluid-rock interactions, promote the precipitation
of clay minerals, and decrease the permeability of the system. These results suggest that chemical
dissolution during geothermal operations could generate permeable pathways that are less sensitive
to effective stress and will remain open at higher pressures. Similarly, maintaining the circulation of
undersaturated fluids through these granitic reservoirs can prevent the precipitation of pore-clogging

mineral phases and preserve reservoir permeability in granite-hosted geothermal systems.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction tor, the geothermal industry faces many challenges to make this
energy cost-effective and to achieve optimised exploitation. This

The increasing energy demand of a growing global population study aims to address the challenge of sustaining reservoir per-

combined with the urgency to reduce atmospheric CO, concentra- meability at depth by experimentally exploring the evolution of
tions urgently call for increasing the use of geothermal systems  Permeability in response to fluid chemistry.

as a low carbon alternative to other energy resources (Owusu Studies of the permeability evolution of the subsurface are crit-
and Asumadu-Sarkodie, 2016). Geothermal energy is one of the ical to understand both natural and anthropogenic systems. In
emerging solutions with the potential to provide renewable and natural settings, permeability evolution is a determinant factor of
sustainable energy for the future. However, as a developing sec- fluid pressure in fault zones, which directly affects the state of

stress of active faults and, thus, the onset of earthquakes (Hick-

man et al, 1995). For economic resources, understanding cyclic

* Corresponding author. fluid-pressure fluctuations along high-angle reverse faults is criti-
E-mail address: c.sanchez-roa@ucl.ac.uk (C. Sanchez-Roa). cal for the exploration of valuable ore deposits, such as gold-quartz
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Fig. 1. a. Heat flow map of the UK, modified from the British Geological Survey (Barker et al., 2000; Busby, 2010; Lee et al., 1987; Richardson and Ronald Oxburgh, 1978;
Rollin, 1995). Left: Enlargement of Cornwall, where the geological formations dictate the heat flow in the area. Sampling site indicates the location within the Carnmenellis
granite where rock samples were collected. Faults plotted after Camborne School of Mines report, 1988. b. Drilling prospect of the UDDGP, including the injection and production
wells which connect through the pre-existing fracture network of the Porthtowan fault zone. (For interpretation of the colours in the figure(s), the reader is referred to the

web version of this article.)

vein systems (Sibson et al., 1988). In a similar manner, anthro-
pogenic systems are highly dependent on permeability evolution.
First, from the perspective of risk of induced seismicity, where
changes in permeability can perturb the state of stress and drive
faults into failure conditions during subsurface operations (Tow-
nend and Zoback, 2000). And secondly, permeability evolution is
a key control on the viability and lifetime of geothermal projects
(Aqui and Zarrouk, 2011). The environmental importance of main-
taining permeability in geothermal reservoirs is revealed by life
cycle assessments, which show that increasing the lifetime of a
deep geothermal operation can significantly reduce most of the en-
vironmental impacts, including CO, emission per unit of electricity
produced (Paulillo et al., 2020).

Fluid-rock interaction is a major contributor to permeability
changes in the crust, a process that induces mineral reactions
when fluids and rocks are in chemical disequilibrium (Goddard
and Evans, 1995). Fluid-rock interactions along fracture systems
are controlled by temperature, stress, flow rate and the chemistry
of rocks and fluids. The mutual feedbacks between these factors
lead to the dissolution and precipitation of minerals along the flow
paths and, as a direct consequence, modify the permeability of
the system (Faoro et al., 2016; Griffiths et al., 2016; Moore et al.,
1994).

Physico-chemical rock properties, such as reactivity and per-
meability, are controlled mainly by the intrinsic properties of the
reservoir rock, namely composition, texture, grain size, microfrac-
tures etc. (Oelkers et al, 2008). Granitic rocks are increasingly
becoming reservoirs for geothermal projects. Their major mineral
components are quartz and alumino-silicates (K-feldspar, plagio-
clase, micas, etc.), all of which show similar dissolution trends and
dependence on pH. Quartz dissolution rates significantly increase
with pH and temperature in alkaline solutions (Crundwell, 2017),

whereas feldspars exhibit the slowest dissolution rates at near to
neutral pH and increasing rates at both acidic and basic pH (e.g.,
Knauss and Wolery, 1986; Hellmann, 1994). The reactions involved
in the interaction of granite with acidic fluids have been previously
explored (Portier and Vuataz, 2010). However, considering the pH
dependence of dissolution of granite minerals, the exploration of
granite interaction with alkaline fluids is also of great importance
for understanding the evolution of permeability in geothermal sys-
tems hosted in granitic rocks.

Due to its thermal potential (Fig. 1a), and the ongoing drilling of
the United Downs Deep Geothermal (UDDGP) project (Ledingham
et al., 2019), rocks from the Carnmenellis intrusion in Cornwall
have been selected as a suitable material for this experimental
study. The geology of the Carnmenellis granite has been widely
studied and details on its emplacement and structural evolution
can be found in (Shail and Wilkinson, 1994) and references therein.
The current UDDGP targets the Porthtowan fault zone, a permeable
geological structure in the Carnmenellis granite which lies approxi-
mately 800 m to the west of the United Downs drill site. Two deep
wells have been drilled into the fault zone: one for injection 2214
m deep and one for production 5057 m deep (Fig. 1b). The tem-
perature at the bottom of the production well is 195°C, which is
to date the deepest and hottest onshore well and the only planned
geothermal project in deep granitic rocks in the UK.

Here we present a broad study of the processes that take place
during fluid-rock interaction in granite and their effect on per-
meability. We report the evolution of permeability within core
samples of granite after they reacted with undersaturated or su-
persaturated fluids (of pH ranging from 9.5 to 10.5) for five to
seven days. We characterise the physico-chemical changes within
the reacted cores, describe their distribution in the rock volume
and discuss the role of chemical and mechanical processes that
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Fig. 2. a. Experimental and analytical workflow used in this study. Sample 1 is used for measuring baseline permeability and to control the extent of mechanical fracturing
induced by thermal cracking. Meanwhile, sample 2 is used to perform three fluid-rock interaction experiments, each of them followed by a flow experiment to measure
permeability changes and by x-ray CT imaging before starting the next experiment on this same sample in a loop approach. b. Schematic diagram of the Parr™ reactor used
in this study. The fluid outlet consisted of a dip-tube that was used also for sampling fluids during the batch experiment via a high-P titanium valve that kept the system
closed during the experiment. The reactor is fitted with a N, gas inlet line to maintain pressure and an external furnace to maintain the temperature in the vessel at 180°C.
c. Schematic diagram of the permeameter system equipped with a pressure vessel filled with silicon oil as confining medium and an isolated pore pressure system with
upstream and downstream servo-controlled pore fluid pressure intensifiers. During measurements the intensifiers are kept at a pressure differential that provides a precisely
measured flow through the sample. The measured steady flow is used for permeability measurements when applying the steady state flow methodology (Benson et al., 2006,

2005).

control the observed changes in permeability. This combination of
state-of-the-art techniques allows us to demonstrate the sensitiv-
ity of dynamic permeability to subtle changes in fluid chemistry.
We use the drilling plan proposed by the UDDGP project to con-
textualise our results in a natural setting such as the Porthowan
fault, as well as in an anthropogenic scenario using one of the
most promising granitic reservoirs for geothermal energy in the
UK. These results are relevant for enhancing and maintaining per-
meability at depth and, thus for extending the lifetime of deep
geothermal projects.

2. Materials and methods
2.1. Experimental procedure

A block of medium-grained porphyritic Carnmenellis granite
(50x40x20 cm) was collected from a homogeneous outcrop in
Trenoweth Quarry, located 2 km SW of Penryn, Cornwall (Fig. 1).
We took a single core from the collected block, which we subse-
quently cut into two sub-samples in order to minimise variability.
Our precision coring machine enabled production of smooth cylin-
ders of 20 mm diameter which were subsequently ground flat and
parallel to achieve a set length of 20 mm + 0.5 mm and a paral-
lelism of better than £0.1 mm.

The two cores were thermally treated under identical condi-
tions to create a mechanically-induced fracture network that al-
lows fluid flow through the samples. The thermal treatment com-

prised three stages: 1. heating at a rate of 10°C/min from room
temperature to a maximum temperature of 750°C; 2. a hold pe-
riod where the samples were held at the maximum temperature
for 60 minutes; and 3. cooling, where the sample temperature
was decreased at a rate of 30°C/min. During the thermal cycles,
a fracture network is developed due to differential thermal expan-
sion of mineral phases during heating (Meredith et al., 2001), and
the growth of tensile microcracks during cooling and contraction
(Browning et al., 2016).

The first core (sample 1) was used to measure permeability
curve 0, and the effect of effective pressure on the permeability of
the cores without fluid-rock interaction in order to provide base-
line values for comparison with the second core (sample 2) that
was subject to different forms of chemical reaction in experiments
1, 2 and 3 (Fig. 2a). This procedure also measures the permeability
increase after the thermal treatment in the first core, while pre-
serving the fracture network in the second core unaltered by the
pressure imposed during permeability measurements. By perform-
ing fluid interaction experiments on one single core we ensure the
accuracy of computerised tomography observations and reduce the
effects of natural variability in the monitoring of dissolution and
precipitation of mineral phases.

The second core (sample 2) was used in the fluid-rock inter-
action experiments. Experiments were conducted in a Parr™ ti-
tanium reactor of 300 mL internal volume (Fig. 2b). The vessel
was fitted with a Ny gas inlet line to pressurise the fluid inside
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the reactor and a dip-tube for sampling fluids in batch mode.
For flow-through experiments, the reacting fluid was injected into
the system using a HPLC pump, while a back-pressure regulator
maintained the pressure at a constant value throughout each ex-
periment. Fluids were sampled daily to measure pH and monitor
changes in concentration of the major elements present in the
system (including Si, Ca, Al, K, Fe and Mg). Experimental condi-
tions were set at a constant temperature of 180°C and a pressure
of 40 bar for all experiments. The selected temperature simulates
the temperature at an approximate depth of 4.7 km, following a
geothermal gradient of 38 °C/km, which is close to the tempera-
tures found at the bottom of wells RH11, RH12 and RH15 during
the Hot Dry Project (Richards et al., 1992) as well as with the tem-
perature of well UD-1 from the UDDGP (195°C at 5.1 km depth).
The experimental pressure was set at 40 bar, which allowed for a
periodic sampling of the fluid chemistry at a total pressure slightly
below 40 bar.

The core was placed in the pressure vessel together with the
prepared reactive fluid (see specific concentrations in supplemen-
tary information Table S1), pressurised using nitrogen gas to a final
pressure of 40 bar and heated by an external heater to 180°C. We
conducted three fluid-rock interaction experiments on the same
core (Sample 2, diameter: 19.7 mm, length: 20.1 mm), under the
following rationale:

Experiment 1 - Undersaturated reactive fluids - Batch reactor:
The core was placed into a batch reactor in contact with a reactive
aqueous fluid of pH 10.5. The fluid in the reactor was continu-
ously stirred for 6 days to measure the extent of the dissolution
reactions. This experimental approach is intended to replicate nat-
ural conditions where fluids present relatively long residence times
without achieving equilibrium.

Experiment 2 - Undersaturated solution - Flow-through reac-
tor: The core was then reacted with a pH 10.6 aqueous fluid. The
fluid was maintained at far from equilibrium conditions by con-
tinuous flow through system avoiding the formation of secondary
phases. The flow rate was kept at 1 g/min over the first four days
of the experiment and increased to 2 g/min for the last two days.
This experiment was designed to simulate conditions of fluid circu-
lation within a fractured system. Note that the twin core with the
same dimensions, used for baseline permeability measurements af-
ter thermal treatment, was introduced in the reactor during this
experiment as a way to verify, compare and control the repro-
ducibility of permeability changes during the fluid-rock interaction
stage.

Experiment 3 - Supersaturated reactive fluid — Flow-through
reactor: The granite core was reacted in mixed-flow mode using
a constant flow rate of 0.6 mL/min throughout the experiment.
The aqueous solution of initial pH 9.4 was supersaturated with
respect to selected secondary Mg-, Al- and Fe-rich phyllosilicate
phases (see inlet fluid concentrations in Table S2). This experi-
ment was designed to simulate a prolonged interaction between
the rock and the circulating fluid. As such, fluid composition was
chosen based on results of previous flow-through experiments on
powdered samples and PHREEQC predictions of expected mineral
phases calculated from ions released into the aqueous solution af-
ter substantial granite-water interaction.

After each experiment, the core was removed from the reac-
tor and placed in a hydrostatic permeameter (Fig. 2c) to quantify
post-reaction changes in permeability up to a maximum effec-
tive pressure of 50 MPa. This maximum pressure represents the
mean stress of the Carnmenellis granite, estimated from the state
of stress measured at a depth of 3.5 km (Pine and Batchelor, 1984),
where: o1 = 78.7 MPa, 03 = 56.7 MPa, o3 = 13.7 MPa. The core
was then removed from the permeameter and scanned using X-
ray CT before the start of the next experiment.

Earth and Planetary Science Letters 553 (2021) 116641

2.2. Analytical methods

Textural and chemical observations of granite cores were car-
ried out using a ZEISS EVO MA10 scanning electron microscope
(SEM) at UCL. Post-reaction observations were mainly confined to
the flat top surfaces of the cores. The surfaces were gold coated
and analysed using back scattered electrons in atomic number con-
trast mode.

Fluid samples were regularly collected from the reactor dur-
ing the experiments. These samples were filtered upon withdrawal
from the reactors via a Ti-frit, with a nominal pore size of 5 pm,
installed at the bottom of the dip-tube. Part of each sample was
used to measure pH at room temperature using a traditional glass
combination-electrode previously calibrated against NIST-certified
buffers at pH 4.00, 700 and 9.21 (at 25°C) and connected to a
Mettler Toledo pH-meter. The other part of the fluid sample was
acidified with ultra-high-purity HNO3 and then stored at 3 °C until
further analyses. The major element concentrations of these acid-
ified samples were determined by inductively coupled plasma op-
tical emission spectroscopy (ICP-OES) using a Varian 720 ES spec-
trometer, with detection limits varying from a minimum of 2 pg/l
for Mg and Al to a maximum 12 pg/l for Si. The uncertainty of the
analyses was generally lower than 2%.

2.3. Permeability measurements

Water permeability measurements were conducted using the
servo-controlled hydrostatic permeameter (Fig. 2b) in the Rock and
Ice Physics Laboratory at UCL, using the steady state flow method-
ology (Benson et al., 2005; Mitchell and Faulkner, 2008). Samples
were rubber-jacketed and placed between porous alumina spacers
that aid fluid distribution across the sample. The sample assembly
was then inserted in the pressure vessel and sealed. The upstream
and downstream servo-controlled pore fluid pressure intensifiers
were set to pore pressures of 4.0 and 4.5 MPa, respectively, to pro-
vide a mean pore fluid pressure of 4.25 MPa, while maintaining
a pressure difference across the sample of 0.5 MPa. Once steady
state flow was achieved, consecutive permeability measurements
were made over the confining pressure range from 14 to 54 MPa
in 10 MPa steps, corresponding to effective pressures (Pesf = con-
fining pressure - pore pressure) from 10 to 50 MPa. Permeability
values were calculated using Darcy’s Law using the known sample
dimensions, the viscosity of water at the measurement tempera-
ture, the pore pressure gradient, and the measured steady state
flow rate.

2.4. X-ray computed tomography (CT)

The three-dimensional fracture network of the granite core and
any changes induced by the fluid-core interaction were imaged us-
ing a Nikon XTH225 X-Ray CT scanner. In total, 3185 projections
were acquired, at 140 keV and 65 pA and a rate of 1 second per
projection. The raw transmission images were reconstructed using
the Nikon CT Pro 3D software package and the volume was vi-
sualised and segmented using the Avizo software (Thermo Fisher
Scientific, USA).

The resulting scans had a resolution of 12 pm per pixel and the
average aperture of the fractures in the core was between 50 and
60 pm. We estimate a spatial resolution of approximately 40 pm,
since at least three grouped pixels are necessary for visualisation.
A spatial resolution of 40 pm is close to the fracture aperture,
therefore we did not perform a digital volume correlation of the
entire dataset. As an alternative strategy, based on the extent of
the changes in the core, we focused our analysis on changes on
the outer rim of the core. Three datasets were registered manually,
and top and bottom parts of the dataset were digitally removed
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(Rietveld) wt %
Quartz 328+03 36.6
Albite 25.5+0.3 22.8
Orthoclase 21.9+0.3 19.9
Muscovite 10.9+0.2 14.4
Biotite 42+0.2 53
Smectite 2605 NE
Chlorite 16+0.1 NE
limenite 0.1+0.1 0.2

X188 18B8mum

Fig. 3. a. Table of mineral composition of the Carnmenellis granite used in this study by Rietveld refinement and calculated normative composition from bulk chemical
analysis. XRD data were obtained from randomly oriented powders. NE = Not examined. b. Cored sample. c. Optical microscope images of the intact sample. d. SEM
observations on intact samples of the Carnmenellis granite. Microfractures are indicated with red arrows. Abbreviations: Qz = quartz, Fl = fluorite, Bt = biotite, Mu =

muscovite, Pl = Plagioclase, Ap = apatite, Kfs = K-feldspar.

to avoid cone beam artefacts. Internal porosity was segmented in
each dataset and the resulting volume was subtracted from the re-
maining datasets to quantify volume changes in the core after each
experiment.

2.5. Thermodynamic calculations

Calculations of aqueous solution speciation and the saturation
state with respect to relevant secondary phases were performed
with the geochemical code PHREEQC v.3.5 (Parkhurst and Appelo,
2013) using the lInl database. The activity of the dissolved species
was computed with extended Debye-Hiickel equation. The satura-
tion state of the aqueous fluid relative to the mineral phases of
interest is expressed by the saturation index, defined as the base-
10 logarithm of the ratio between the ion activity product (IAP)
of the species appearing in the dissolution reaction of the mineral
and the solubility product of the mineral (Kp): SI = log (IAP/Ksp).

3. Results
3.1. Mineral characterisation of non-reacted samples

In hand specimen, the composition of the homogeneous block
of fine grained Carnmenelis granite is uniform, containing phe-
nocrystals of K-feldspar, quartz, sodic plagioclase, biotite and mus-
covite (Fig. 3b). Individual grain sizes range from ~3 mm to
~100 pm. Optical microscopy and SEM observations show acces-
sory minerals including fluorite generally precipitated on a biotite
substrate, and apatite. SEM observations show the overall integrity
of the granite and lack of dissolution features in any of the mineral
phases in the untreated samples. Fractures are scarce, however un-
connected microfractures run through grain boundaries and tend
to be slightly more abundant on quartz (Fig. 3d). The mineralogical

composition in weight percent was calculated from bulk chemical
analysis (normative) and by refinement of X-ray diffraction (XRD)
data (of material from the same block where samples were cored)
through the Rietveld method (Fig. 3-Table a).

3.2. Aqueous chemical evolution during hydrothermal alteration

The evolution of K, Si, Al, and Ca concentrations in the fluids
interacting with the core as a function of time are shown in Fig. 4.
The results for each experiment are described below:

Experiment 1 - Undersaturated reactive fluid - Batch reactor:
The evolution of aqueous solution composition was controlled by
the dissolution of quartz and feldspars, showing a progressive in-
crease in Si concentrations, which evolved from an initial value
of 0 on day 1 to 2.37 mmol/kg on day 7. Corresponding aque-
ous aluminium concentrations increased from 0 to 0.44 mmol/kg;
and aqueous potassium concentrations increased from 0 to 0.17
mmol/kg. Ca concentration remains at low and constant value.

Experiment 2 — Undersaturated reactive fluid — Flow-through
configuration: Aqueous cation concentrations during this experi-
ment increased significantly during the first day, with aqueous Al,
Ca and K concentrations attaining near constant values until day
4, after which their concentrations decreased as a consequence
of the flow rate increase. Si concentration in this experiment fol-
lows a similar trend to other major cations. Note that the chemical
evolution of the fluid is not cumulative since the flow-through con-
figuration provides data of a continuously replenished fluid.

Experiment 3 - Supersaturated reactive fluid - Flow-through
configuration: Most significant changes in the aqueous cation con-
centrations occurred during the first two days of this experiment.
This is evidenced by the sudden decrease in the concentrations of
aqueous Mg, Ca, and Al, suggesting the precipitation of secondary
phases. Potassium concentration increases over the same time in-
terval, whereas Si shows a slight concentration increase only dur-
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Experiment 1 — Undersaturated solution
Batch reactor

Experiment 2 — Undersaturated solution
Flow-through configuration

Experiment 3 — Supersaturated solution
Flow-through configuration
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Fig. 4. Temporal chemical evolution of pH and major cations in the fluids of the three experiments performed sequentially on a single granite core. Error on the elemental
analyses is estimated to be <2% and is represented within the size of the symbols on the plot. For each experiment, pressure and temperature were kept constant at 4 MPa
and 180°C. Experiments 1 and 2 started with an undersaturated solution (distilled water), while experiment 3 started with a supersaturated solution (with respect to clay

minerals).

ing day 1, and continues to be released to the solution at a steady
rate over the rest of the experiment. Except for Ca and Mg, the
concentrations of the remaining elements exhibit a net increase
compared to the inlet fluid, indicating the ongoing dissolution of
primary phases.

3.3. Permeability evolution due to chemical alteration

The permeability of the intact granite cores (before thermal
treatment) was 2.30 x 10721 m? at an effective pressure of 10 MPa.
Steady state flow was achieved in around three days, which is con-
sidered slow and indicative of low sample permeability. Measure-
ments were therefore not performed at higher effective pressures.
Thermal treatment of the cores resulted in a network of cracks that
increased the permeability of the granite by approximately five
orders of magnitude (see the resulting fracture network in sup-
plementary information Video 1).

The permeability evolution of the cores after fluid-rock interac-
tion experiments is shown in Fig. 5, with the permeability of the
thermally-treated but unreacted core also included for compari-
son.

The permeability of the thermally cracked but unreacted core
(black line in Fig. 5) is strongly dependent on effective pressure.
The permeability of the core is 1.52 x 10716 m? at 5 MPa ef-
fective pressure. This permeability decreases to 1.22 x 10716 m?
as the effective pressure is increased to 50 MPa. Following this,
the effective pressure is reversed and gradually decreased follow-
ing the same pressure steps. However, while the permeability in-
creases during this pressure decrease, it does not fully recover its
initial, pre-pressurisation value. The crack closure that occurs as
effective pressure is increased, involves both elastic and inelastic
processes, but only the elastic part is recovered during the pressure
decrease. This results in the observed permeability deficit, which
is a manifestation of hysteresis. Note that permeability hysteresis

is observed in all experiments, with the initial permeability, mea-
sured at low effective pressure, never being fully recovered after
the effective pressure is increased to 50 MPa and then lowered
back to its initial value. This resulted in a permeability deficit of
6.21 x 10717 m? measured on the unreacted core at 10 MPa after
pressurisation and de-pressurisation.

After reaction with an undersaturated solution in a closed sys-
tem reactor (experiment 1), the permeability of the core shows a
strong dependence on effective pressure up to 30 MPa, but a much
weaker dependence at higher pressures (red line in Fig. 5), remain-
ing around 3-8 x 10718 m? for confining pressures increasing from
30 to 50 MPa. The permeability decreased from 1.8 x 10716 m?2
at 5 MPa effective pressure to 4.01 x 10~'® m? at 50 MPa. Again,
hysteresis is observed with a permeability deficit of 7.62 x 1017
m? at 10 MPa.

After interacting with an undersaturated solution in the flow-
through system (experiment 2, green line on Fig. 5) the perme-
ability of the core is significantly higher. The permeability was
4.92 x 10716 m? at 5 MPa effective pressure and decreased to
2.78 x 1017 m?2 at 50 MPa. We observe a similar pressure de-
pendence to that seen after experiment 1, but more hysteresis and
a larger permeability deficit of 2.51 x 10~16 m2 at 10 MPa.

After reaction with a supersaturated fluid in the flow-through
system (experiment 3, blue line on Fig. 5) the reacted core exhibits
lower permeability, which decreased by approximately an order of
magnitude since experiment 2. The permeability after experiment
3 was 1.25 x 10717 m? at 5 MPa effective pressure and decreased
to 5.62 x 10~'8 m? at 50 MPa. Again, the pressure sensitivity of the
permeability decreases with increasing effective pressure. However,
the reacted core recovered from this experiment exhibits the least
hysteresis and the lowest measured permeability deficit of 6.75 x
10718 m? at 10 MPa.
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Fig. 6. a. Backscattered electron image showing the ground top surface of the reacted core after experiment 3, illustrating dissolution along fractures and mineral precipitation
on fracture walls. Inset: secondary electron image of the interior of the fracture seen in (a) showing a mineral precipitate. b. Backscattered electron image showing the angular
dissolution etch pits in a quartz grain. c. Energy-dispersive X-ray analyses of the precipitated material in area 1, showing the elemental composition of the precipitate, which

is qualitatively similar to an aluminium silicate containing Mg, Fe and Ca.
3.4. Microstructural observations of reacted samples

SEM observations on the gold-coated ground top surface of the
core recovered from experiment 3 (Fig. 6) show the presence of
connected microfractures. Some of these microfractures show ev-
idence of dissolution (Fig. 6a), including the development of etch
pits in proximity to the fracture openings and the rounded mor-
phologies of their edges, whereas others show mineral precipitates
attached to the fracture walls. EDS analysis of one of these precip-
itates is shown in Fig. 6¢. The foliated morphology together with

the EDS spectrum suggest it consists of an aluminium silicate con-
taining Mg, Fe and Ca, possibly a phyllosilicate of the smectite
group.

3.5. X-ray computed tomography imaging of reacted samples

CT results of the core recovered after experiments 1 to 3 are
presented in Fig. 7, and show that core volume loss is concentrated
at the outer core surface. The analysed surface shows quantifiable
volume loss during experiment 2, constituting a solid volume loss
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Fig. 7. Computed tomography images of the core recovered after experiments 1, 2 and 3. Column 1 shows the rendered volumes after stacking with the software Avizo.
Column two shows the corresponding top view. Column 3 shows an enlargement of the morphological changes on a magnified area along the core edge. The density contrast
between the minerals present is reflected in three main grey tones of the image: quartz and plagioclase appear in dark grey, micas in bright light grey and K-feldspar in
medium grey. Red arrows point to material lost. Blue arrows point to material gained. Yellow arrows point to areas that show no evidence of dissolution mostly related to

high density minerals (micas).

of around 1.55%, which is equivalent to a total of ~95 mm? of
removed material (Fig. 8). By the end of experiment 3 there is a
less significant but notable increase in solid volume, amounting
to approximately 30 mm? of added material, or 0.49% extra solid
volume in the core. However, when subtracting the segmented vol-
ume of experiment 3 from 2, there is also a negative difference in
the overlapped volumes, where areas that were previously solid
appear to have become voids. This indicates that around 10 mm3
of material was removed during this stage (~0.17%), so that the
net increase of volume that took place during experiment 3 corre-
sponds to ~20 mm? of solids (~0.32% of the total volume) (Fig. 8).

4. Discussion
4.1. Mineral dissolution in granite and volume loss at alkaline pH

The chemical compositions of the reactive fluids after exper-
iments 1 and 2 are dominated by Si, Al, K, Na and Ca (Fig. 4).
These elements are released from the granite and suggest the dis-
solution of quartz, plagioclase and K-feldspar, which together con-
stitute ~80% of the rock mass (Table 1). This is consistent with
data and derived rate equations reported by Palandri and Kharaka
(2004), and with in-situ flow experiments in Cornwall (Richards
et al,, 1992). The contribution of the remaining mineral phases to
the dissolution process, mostly biotite and muscovite, is negligible
over the timescale of the study, likely due to their sluggish reac-
tivity relative to the dominant minerals (Knauss and Wolery, 1989;
Nagy, 1995). This is supported by the absence of distinguishable
physical changes on the mica grains in the CT data (yellow arrows
in Fig. 7).

As shown by the CT analysis (Fig. 8), the dissolution of the
granite core after the first two experiments accounts for the loss
of approximately 1.55% of the initial core volume, for a total of
~95 mm?> removed (total dissolution volume segmented after the
completion of experiment 2, Fig. 8 left column). An independent
estimate of the mass of granite dissolved during these two exper-
iments can also be obtained from mass balance calculations based

on the total mass of the elements released to the fluid. In mak-
ing such calculations we assumed that the measured dissolved Ca
was supplied by plagioclase dissolution, from which we derived
the corresponding amounts of Al, Si and K, as fixed by the mineral
stoichiometry. This assumption allowed calculation of the amounts
of Al, K and Si released by K-feldspar and, finally, the Si mass
provided by quartz dissolution, and their corresponding mineral
volumes. The results of these calculations suggest that approxi-
mately 145 mm?> of rock were dissolved, which correspond to a
mass loss of 2.36%. The difference between this estimate and the
volume loss calculated from tomography data is attributed to dis-
solution taking place in areas of the core that were not included in
the CT analysis, and indicates that approximately 50 mm? of vol-
ume was lost from the innermost part of the core. Approximately
the same material loss is evidenced by measurement of the dry
rock sample weight before and after the two dissolution-controlled
experiments (Table S2) which indicates a mass decrease of 2.5%.

4.2. Dissolution geometry and permeability increase

Partial dissolution of quartz and feldspars generated secondary
porosity (Fig. 6), which had a strong impact on core permeabil-
ity (Fig. 5). The dissolution of quartz surfaces has previously been
described as taking place at crystal edges and kinks (Brantley et
al., 1986). These surface features can be preferentially exposed af-
ter mechanical fracturing, because the fractures tend to propagate
along grain boundaries. The dissolution process often results in an-
gular pitting on quartz surfaces and is largely controlled by the
dissolved silica concentration in the solution (Brantley et al., 1986).
In this study, dissolution on fracture surfaces around quartz grains
are observed to result in surface pitting (Fig. 6a and 6c¢).

CT images show that external areas of the core that were in di-
rect contact with the fluid show the largest amount of dissolution.
This created an alteration halo towards the core’s rim and a less
altered volume towards the inner parts of the core. Changes in the
fracture paths are reflected in a noticeable increase of permeabil-
ity during experiment 2, from 8.78 x 10~'8 m? (last permeability
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Fig. 8. Distribution of mineral volume gains and losses in the core due to the three
sequential experiments performed in this study. Top row shows three 2-dimensional
slices (XZ-orthoslices) of the three scan datasets, which have been digitally aligned
into one coordinate system (registered), on which the segmentation of the core edge
is based. Second row shows the digital segmentation of volume lost (red) or gained
(blue) after comparing the core volume after experiment 1 against the volume after
experiment 2 (left) and the results of the volume comparison between experiment 2
and experiment 3 (right). The bottom row shows the results of volume comparison
between experiments 1 and 2 on the entire rim of the core, where only volume
loss was detected (left) and the volume comparison between experiments 2 and 3
(right), where both volume gain and loss were detected.

measured on the core after experiment 1) to 2.5 x 10716 m? (first
permeability measured on the core after experiment 2). It is im-
portant to note that the permeability values reported in this study
are calculated on the entire core’s cross-sectional area, thus they
constitute an average value between the permeability of the alter-
ation halo and the less altered internal areas. This indicates that
the permeability values reported in this study may constitute a
lower threshold of the measured effects of the reactions regarding
the permeability of the core.

The etching of pre-existing fracture surfaces during runs 1 and
2 increases their roughness, which in turn increases the perme-
ability because rougher cracks are less easily closed by applied
pressure (Pérez-Flores et al., 2017; Wang et al., 2016) (Fig. 7 and
Fig. 8). Mechanically this surface roughness can be related to the
permeability deficit after de-pressurisation, which is higher for ex-
periments 1 and 2 (inset in Fig. 5). This permeability deficit can be
representative of the increased number of asperities that undergo
comminution during the pressure cycling (Wang et al., 2016). The
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new dissolution-induced porosity develops to an increasing level
of connectivity as dissolution progresses. We characterise the ini-
tial fractures as mated, in the sense that opposing fracture surfaces
have no shear offset and are therefore mirror images of each other.
When such mated fractures are subjected to pressure, they are
able to close fully, resulting in the closing off of fluid flow paths
and a decrease in permeability to a value very close to that of
the intact sample (Nara et al., 2011). Because of new dissolution-
induced porosity, the fracture surfaces become unmated, meaning
they are no longer mirror images. This means that fracture aper-
tures remain partially open even under significant effective pres-
sure, maintaining flow paths that considerably increase permeabil-
ity (Pérez-Flores et al., 2017). Similar to our results, the increase in
permeability from mated to unmated fractures reported by Pérez-
Flores et al. (2017) also increases with greater effective pressure,
especially for small offsets.

The larger permeability differences observed in our experiments
at higher effective pressures (>30 MPa) indicate that dissolution-
induced microstructural changes of the fracture surfaces allow per-
meable pathways to remain open after extensive fluid-rock inter-
action under increasing effective pressures, where unreacted frac-
tures would be closed (Fig. 5). This may partially explain why the
core permeability is relatively insensitive to pressure at pressures
above 30 MPa following chemical treatment. In this way, disso-
lution along the fracture planes can significantly affect the rock’s
physical properties by enhancing the permeability of the fracture
system and maintaining its hydraulic properties under high stress
regimes. This is most clearly seen when comparing the permeabil-
ity measurements of the unreacted core and the core recovered
after the first experiment (red and black curves in Fig. 5). Here,
the two curves are essentially identical at effective pressures up to
30 MPa but diverge significantly at higher pressures. For the unre-
acted core with mated microfractures (black line), the permeability
continues to decrease at higher pressures, indicating continued
crack closure. In contrast, for the reacted core after experiment
1 (red line), the presence of even limited dissolution features al-
lows permeable pathways to remain open at higher effective pres-
sures, resulting in virtually no further permeability decrease. This
likely results from the formation of “compound fractures” due to
the dissolution process, where the initially mated fractures be-
come etched and unmated in some parts, while some parts of the
fracture surfaces remain mated. When pressure is applied to the
fracture the mated parts tend to close up (and reduce permeabil-
ity) but the unmated parts remain at least partially open. There is
therefore a “critical pressure” at which the mated parts become
closed and there is essentially no flow through these parts. An
effective pressure of 30 MPa appears to mark the “critical pres-
sure” at which the permeability due to changes in crack surface
morphology induced by dissolution begins to dominate over the
pre-existing cracks that close at elevated pressure. This threshold
may vary with different rocks and fracture systems, because the
initial roughness and the effects of dissolution will vary with min-
eralogy and fluid chemistry. However, we expect the underlying
process to persist and scale with fracture aperture and degree of
alteration.

4.3. Mineral precipitation and permeability decrease

Fluid flow in the crust, whether related to meteoric water, deep
sedimentary basin brines or to metamorphic fluids, promotes fluid-
rock interactions that result in chemical changes in both fluids and
rocks (Goddard and Evans, 1995). The fluid composition in exper-
iment 3 was selected to include ions released into the aqueous
solution after granite-water interaction. For this reason, the inlet
fluid was enriched in Si, Al, K, Ca, Mg, and Na and supersaturated
with respect to some phyllosilicates. The evolution of the satura-
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Fig. 9. Temporal evolution of the saturation indices of the reactive fluid during flow-
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tion indices of the reactive fluid during experiment 3 with respect
to a number of relevant secondary phases is shown in Fig. 9, where
phases with positive saturation indices are those prone to precipi-
tation during the experiment.

The interaction of this supersaturated solution with the granite
during experiment 3 resulted in a permeability decrease of ap-
proximately half an order of magnitude, from 6.38 x 1017 m?2 (by
the end of the permeability measurements after experiment 2) to
1.25 x 10717 m? at 10 MPa effective pressure (measured on the
same core after experiment 3) (Fig. 5). This permeability change
suggests that new mineral phases precipitated within the fractures
in the core. In addition, the hysteresis (permeability deficit) values
for experiment 3 are the lowest recorded among all the experi-
ments (inset in Fig. 5.), suggesting a decrease in the number of
microcontacts that undergo comminution during the pressure cy-
cling (cf. Wang et al., 2016), and/or the presence of more compliant
materials that deform in a more plastic manner, such as, swelling
clays, as it has been observed in deformation experiments and mi-
crostructural observations (Ikari et al., 2009; Lockner et al., 2011;
Sanchez-Roa et al., 2018, 2017).

The chemical changes observed in the reactive aqueous fluid
throughout experiment 3, specifically the decrease in Mg, Al and
Si concentrations (Fig. 4c), are consistent with the precipitation
of alumino-silicates such as those considered in Fig. 9. The SEM-
EDS analysis of mineral precipitates observed within the core
fractures (Fig. 6d) also supports the interpretation that clay min-
erals are the secondary product of this fluid-rock interaction.
The identity of the mineral phase or phases that precipitated
within the fractures could not be determined due to their very
small grain size. Nevertheless, based on the measured chemical
changes in the reactive fluid composition and thermodynamic cal-
culations, it is reasonable to suggest that Mg-smectites formed
during the experiments (Fig. 9). If the precipitates consisted
only of Mg-nontronite (Mgg 175Al2.35Si3.65H2012), Mg-beidellite
(Mgo.175Al2.35Si3.65010(0OH)2) or a mixture of these two phases,
then, based on the observed decrease in Mg concentration, the
amount formed would produce a solid volume of approximately
400 mm? (an increase of ~6.7% relative to the initial core volume).
However, because of the higher Mg content in the stoichiometry
of Fe-Mg smectite (Cag.2s5Nag.1 Ko 2Fep.7Mg1.15Al1 25Si3.5H2012), the
solid volume calculated assuming the precipitation of this phase
would be around 60 mm?3 (~1% of the initial core volume).

The effect of secondary phase precipitation on permeability is
difficult to assess, due to the concurrent dissolution of primary
phases, as revealed by volume correlation analysis of CT data at
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the end of experiment 3 (Fig. 8), which indicates that both disso-
lution and precipitation reactions occurred during this experiment.
Nonetheless, the overall volume gain and permeability reduction
indicate that precipitation significantly impacts pore connectivity.
This newly precipitated material is likely to: (1) clog fluid flow
paths, thus decreasing porosity; (2) increase the tortuosity of the
permeable paths; and (3) decrease the permeability of fluid path-
ways according to the organisation, location, and physical prop-
erties of the newly crystallised minerals (Aben et al., 2017; Heap
et al,, 2020). For example, the water permeability of clay miner-
als relevant to this system is low even at low effective pressures
(< 10 MPa), as is the case of kaolinite (around 8 x 1072° m?) and
swelling clays such as montmorillonite (as low as 9 x 10723 m?)
(Behnsen and Faulkner, 2011).

4.4. Implications for fluid flow at depth and in the United Downs
Geothermal Project

Because of the low matrix permeability of granite, engineered
geothermal systems hosted in granitic rocks commonly require the
generation of enhanced fracture networks, generally through hy-
draulic fracturing. Alternatively, wells can be drilled to target exist-
ing fractured areas, which create permeable structures within the
granite body (e.g. faults or damage zones) (Wyborn et al., 2005).
This study focused on the interactions between fractures in gran-
ite and moderately high pH fluids under hydrothermal conditions.
Thus, the results and conclusions are applicable to natural and an-
thropogenic fracture networks under hydrothermal conditions.

The originally impermeable Carnmenellis granite cores were
thermally cracked in order to generate a permeable fracture net-
work, a stage that is often required in low-permeability reservoirs.
The thermal treatment produces a large number of new tensile
fractures that interconnect and significantly increase core perme-
ability (supplementary information, Video 1); a result that is com-
parable to other mechanical fracturing techniques (Solberg et al.,
1980; Watanabe et al., 2017). Considering the observations of this
study, we propose the following potential evolution of permeabil-
ity of granite in geothermal systems (Fig. 10). First, a mechanically
fractured granitic reservoir is in contact with dilute fluids flowing
through the newly created fracture network. Over time, the inter-
action of the rock with an undersaturated fluid leads to semi-static
or continuous flow conditions (experiments 1 & 2). Due to dis-
solution the composition of the fluid is progressively enriched in
metals released from the minerals, while the microfracture spac-
ing increases and surfaces become rougher. After extended inter-
actions, the fluid becomes supersaturated with a number of sec-
ondary phases, leading to precipitation (experiment 3), particularly
in fractures with restricted fluid circulation, where the aqueous
fluid can reach higher degrees of supersaturation.

The effective pressures at which permeability were measured
in this study correspond to the range of expected effective pres-
sures in the Carnmenellis granite at depths between 500 m and 5
km. Given the observed 30 MPa cut-off for the permeability de-
pendence (Fig. 5), these results are particularly relevant for the
UDDGP, where the effective pressures between the injecting and
producing boreholes range from around 25 to 45 MPa making the
permeability and therefore the productivity of the system highly
dependent on effective stress. These results suggest that enhancing
mineral dissolution with highly reactive fluids during geothermal
operations in granites, could potentially generate new permeabil-
ity that is less sensitive to effective stress and will be maintained
at higher pressures. In contrast to low pH treatments, our results
suggest that the use of moderately high pH solutions (pH 9 to
10.5 or higher) is an effective method for permeability enhance-
ment in granitic systems. Additionally, the use of alkaline fluids
should reduce the mobility of potentially toxic heavy metals by
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leads to mineral dissolution, rougher surfaces and a consequent permeability increase. During t; the composition of the fluid is progressively enriched in metals released from
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decrease which largely depends on the properties of the secondary minerals precipitated.

favouring their fixation into metal oxides, such as ilmenite and
Fe-oxyhydroxides, either present or forming during the circulation
of the fluids in the reservoir rock (Cowan et al., 1991; Musi¢ and
Risti¢, 1988).

5. Conclusions

This study shows that the permeability of granite can increase
by two orders of magnitude in only five days when in contact
with alkaline undersaturated solutions (pH 10-10.5) that promote
dissolution within pre-existing fractures. In contrast, permeability
decreases by over half an order of magnitude in six days when in
contact with supersaturated solutions (pH 9-9.5) that promote the
precipitation of clay minerals.

Geomechanical results show pressure dependence of the newly
created permeability of reacted core up to 30 MPa, and insensi-
tivity at pressures higher than 30 MPa. We interpret the dissolved
fractures as unmated at the microscale, allowing for the fluid paths
to remain open and maintain permeability at higher confining
pressures. Consequently, we suggest that dissolution in the early
stages of geothermal operations could help generate permeable
pathways that can become crucial at maintaining permeability at
depth.

Precipitation of secondary phases due to chemical evolution of
the fluid can significantly alter the fluid flow geometry and per-
meability distribution in the host rock (Bossennec et al., 2018;
Farrell et al., 2014). Understanding the reactions occurring at the
microstructural scale is thus fundamental to prevent drastic reduc-
tions of the permeability of the system and extend the productivity
of geothermal reservoirs.

The results of this study highlight the importance of fluid-rock
interactions in geothermal systems, where the interplay between
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dissolution and precipitation reactions defines reservoir permeabil-
ity. Permeability is a crucial parameter in the lifespans of geother-
mal systems (Aqui and Zarrouk, 2011), thus fluid-rock interac-
tion can vastly affect the environmental performance of energy,
since performance increases the longer heat and power generation
are sustained (Paulillo et al., 2020). Therefore, efforts to find sus-
tainable ways of keeping and enhancing reservoir permeability in
geothermal systems can contribute to lowering CO, emissions and
sourcing more sustainable energy.
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