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1 Introduction
1.1 General context


This report describes physical and chemical characterisation of natural rocks and fluids
collected from selected field sites available to the S4CE consortium, including
analytical methods and protocols as appropriate.



The geological characterization of subsurface materials is fundamental to any planned
extraction of subsurface energy, namely hydrocarbon fuels and heat energy, as well as
with the engineered injection of fluids including carbon (as CO2), in various forms, for
storage and sequestration. The 3D geological context at field sites provides key
information for operational resource planning, for evaluating remote sensing
geophysical signals and provides the essential basis for environmental monitoring of
fluid pathways between the deep subsurface and the habitable zone.



This report provides quantified physical and chemical (geological) evaluation of the
selected field sites’ geology through multiscale fieldwork observations, laboratory
mineral and rock analysis, high pressure experimental response at reservoir conditions
and integration with computer modelling to predict 3D subsurface systems response,
including storage capacity and permeability flux through time.

1.2 Deliverable objectives
Within the scopes of the S4CE consortium, the aims within WP 4 (Leader Imperial College
London) have been to provide detailed state-of-the-art geological characterization of rocks
including their pore networks, from the different sites at laboratory simulated high pressures
and across a wide range of scales from microscopic (sub-micron) to macroscopic field (km)
scale. We have characterised fluid-rock interactions through time-dependant geochemistry
experiments, which have been interpreted using modelling to inform subsurface geothermal
and CCS operations. We have determined rock physical properties through high pressure –
temperature (HP-T) experimental studies, including porosity, permeability and gas contents by
controlled degassing. The laboratory and field data have been integrated across multiple scales
to provide an assessment of geological variability and subsurface fluid mobility.

2 Methodological approach
Comprehensive field measurements and samples of rocks and fluids were collected by UCL
Earth Sciences (ES) team members from selected field sites. In addition to active field sites,
samples were also obtained by using library USA and UK rock samples (UCL Core Repository)
building on the experience of our previous H2020 project SXT.
We focus on two active sites where we combine high pressure physical observations with high
temperature fluid-rock interactions for (i) the new geothermal site in Cornwall (partner GeoT) and (ii) the geothermal/CCS site in Iceland (partner OR). We also present (iii) experimental
results for HP-T laboratory controlled degassing data satisfy the objectives anticipated from
high pressure commercial gas shale samples from deep (several kilometres) below ground.
Our geological data is shared in the multidisciplinary approach between all S4CE partners,
including training for career-building of early stage researchers. Our results will be valuable
for commercial subsurface applications used to understand fluid flow, fluid rock interactions
and to quantify reservoir resources (e.g., for gas in place and for CCS combined with
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geothermal). Our approach also informs us about the 3D subsurface geology and helps to
estimate environmental risks arising from both natural and stimulated fluid-rock systems.

3 Summary of activities and research findings
3.1 Experimental fluid-rock studies of the Cornwall Geothermal site
3.1.1 Background to the experiments
The evolution of permeability in 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 two
competing processes dictate the long-term productivity and lifetime of geothermal reservoirs.
In this study, we simulate the physicochemical conditions within a geothermal reservoir from
induced fracturing, to the final, precipitation or “clogging” stage.
Geothermal systems can be hosted by different types of rock and are most common in volcanic
systems in which the geothermal gradients are high. However, the development of engineered
geothermal systems has widened the type of rock in which this natural resource is hosted. For
example, in the UK, the Cornubian batholith in SW England, shows especially high heat flow
values with a peak mean value of 117 mW m-2. In particular, the high concentrations of
uranium, thorium and potassium isotopes (238U, 235U, 232Th and 40K) in this granitic intrusion
are responsible for the production of heat, creating a lithologically-controlled geothermal area
with one of the highest geothermal gradients in the UK (Fig. 1a).
The Cornubian batholith is a granitic body outcropping in several locations in Cornwall.
It is a promising target for geothermal energy generation. The Carnmenellis granite is one of
these outcropping igneous bodies and part of a sequence of late- to post-orogenic magmatism
events related to the Variscan Orogeny. Intense deformation during the late Carboniferous to
early Permian during the Variscan Orogeny shaped the main compressional features in the area,
while a following extensional regime generated late- to post-Variscan extensional faulting
associated with many of the mineralisation events in Cornwall. The Carnmenellis intrusion has
been the target formation of geothermal projects including the Hot Dry Rock (HDR) project
completed in the 1980s and the ongoing United Downs Deep Geothermal (UDDG) project.
The current United Downs Deep Geothermal Project (UDDGP), which collaborates with the
S4CE consortium, targets the Porthtowan Fault Zone (PTF, Fig. 1b)., a permeable geological
structure in the Carnmenellis granite which lies about 800 m to the west of the United Downs
drill site. Two deep wells have been drilled into the fault zone; one for injection at 2,214 m
depth and one for production at 5057 m depth. The temperature at the bottom of the production
well was measured to be 195 ˚C. This experimental study aims to improve our understanding
of fluid-rock interactions within a fault hosted in the Carnmenellis granite and their
consequences for the permeability of the geothermal system.
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Figure 1. (a) Heat-flow map of the UK, modified from the British Geological Survey. 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. (b) Drilling subsurface cross-section of the United Down Deep Geothermal project,
including the injection and production wells which connect through the pre-existing fracture network of the Porthtowan fault
zone (PTF).

Reconnaissance mineralogical analyses of granite and mineralised rocks from Cotty’s
Cross-Course on the North Cornwall coastline (analogous to surface outcrop of the PTF) were
obtained using co-located microprobe analysis (Raman, Cathodoluminescence, energy
dispersive chemical analysis) in collaboration with the Irish Centre for Research in Applied
Geosciences (iCRAG) at Trinity College Dublin to identify metallic and potentially radioactive
components, including Naturally Occurring Radioactive Minerals (NORM). NORM phases
occur in the granite as accessory phases, with U-bearing zircon (1-2% UO2) and Th-bearing
monazite (up to 7% ThO2).

3.1.2 Rock samples
In this section, the experimental set-up for quantifying permeability evolution after fluidrock interactions and the associated analysis are described as well as the methods for sampling
and analysing the fluids and mineral changes.
Samples of medium-grained porphyritic granite were collected from the Trenoweth
Quarry, located 2 km SW of Penryn, Cornwall (Fig. 1). The composition of the granite is
generally uniform, containing quartz, sodic plagioclase (Albite 90), K-feldspar, muscovite,
biotite, apatite, smectite, chlorite and ilmenite. Its mineralogical compositions in weight
percent were calculated from bulk chemical analysis (normative) and by refinement of XRD
data through the Rietveld method (Table 1). Samples were cored using a 20 mm diameter
drilling bit with end surfaces then ground flat and parallel to achieve a set length of 20 mm ±
0.5 mm. Fluid samples were regularly collected from the reactor during the experiments.
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Table 1. Bulk composition of granite used for the experiments discussed here.*

Mineral

CW-1 (Rietveld) wt %

CW-1 (Normative) wt %

Quartz

32.8 ± 0.3

36.6

Albite

25.5 ± 0.3

22.8

Orthoclase

21.9 ± 0.3

19.9

Muscovite

10.9 ± 0.2

14.4

Biotite

4.2 ± 0.2

5.3

Smectite

2.6 ± 0.5

Undetected

Chlorite

1.6 ± 0.1

Undetected

Ilmenite

0.1 ± 0.1

0.2

*Footnote to Table 1: Mineral composition of the Carnmenellis granite is obtained by Rietveld
refinement and calculated normative composition from bulk chemical analysis. X-ray diffraction (XRD)
data were obtained from randomly oriented powders.

3.1.3 Thermal treatment to create fracture network
Thermal treatment of the cores was used as a proxy for hydraulic fracturing to create an
initial fracture network that would allow fluid flow through the samples. The thermal treatment
comprised three stages: 1. Heating at a rate of 10 °C/min to a maximum temperature of 750
°C; 2. A hold period 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 network of isotropically distributed fractures was induced.
This fracture network is the product of differential thermal expansion of mineral phases during
its heating, and the growth of tensile microcracks during cooling and contraction. This results
in an increase in the fracture surface area and fracture volume in the cores, and a concomitant
increase in permeability that is favourable to enhanced fluid-rock interactions.
The thermally cracked cores were inserted into a hydrostatic reactor set at a constant
temperature of 180 °C and a pressure of 40 bar. The selected experimental 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 temperatures found at bottom of wells RH11, RH12 and
RH15 during the Hot dry Project, as well as with the temperature of well UD-1 from the UDDG
project, which was measured to be 195°C at a depth of 5.1 km, making it the deepest and hottest
onshore well in the UK. The experimental pressure was set at 40 bar, which allowed for a
periodic sampling of the fluid chemistry at a total pressure < 40 bar.

3.1.4 Granite permeability measurements
Post-reaction changes in permeability were measured in a hydrostatic permeameter (Fig.
2b) up to a maximum effective pressure of 50 MPa. This maximum pressure represents the
mean stress at a depth of 3.5 km, estimated from the state of stress measured at this depth in
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the Carnmenellis granite and reported by Pine & Batchelor (1984), where: σ1= 78.7 MPa, σ2=
56.7 MPa, σ3= 13.7 MPa.
Water permeability measurements were conducted using the servo-controlled hydrostatic
permeameter (Fig. 2b) available to us in the Rock and Ice Physics Laboratory at UCL. The
experiments were conducted by implementing the steady state flow methodology as described
in 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 permeameter pressure vessel and sealed. The upstream and downstream servocontrolled pore fluid pressure intensifiers (Fig. 2b) were set to pore pressures of 4.0 and 4.5
MPa, respectively, to provide a mean pore fluid pressure of 4.25 MPa, while maintaining a
pressure difference across the sample of 0.5 MPa. Consecutive permeability measurements
were made over the confining pressure range from 14 to 54 MPa in 10 MPa steps,
corresponding to effective pressures from 10 to 50 MPa. Once steady state flow was achieved,
permeability values were calculated using Darcy’s Law, given the sample dimensions, the
viscosity of water at the measurement temperature, the pore pressure gradient, and the
measured steady state flow rate. The initial porosity of the samples was measured using Heinjection pycnometry using an AccuPyc II 1340 Pycnometer (Micromeritics Instrument Corp.).

3.1.5 Fluid-rock geochemical HP-T experiments
The experiments performed in this study consisted of placing a single core into a Paar
titanium reactor and reacting it sequentially at three distinct experimental conditions. The
ParrTM reaction vessel with an internal volume of 300 mL (see Fig. 2a). The vessel was fitted
with a N2 gas inlet line to pressurize the fluid inside the reactor and a dip-tube for sampling
fluids in batch mode. For flow-through experiments conducted, the reacting fluid was injected
into the system at a constant flow rate (0.5- 2.0 ml/min) using a HPLC pump, while a backpressure regulator maintained the pressure at a constant value of 40 bar throughout each
experiment. Fluids were sampled daily to monitor pH and eventual changes in concentration
of the major elements present in the system (SI, Ca, Al, K and Mg). Granite cores were initially
placed in the pressure vessel together with a model reactive fluid (see composition in Table 2),
pressurized using nitrogen gas to a final pressure of 40 bar and heated by an external heater to
180 °C. We conducted 4 experiments on 2 different cores with variable pH and aqueous
solution compositions. Fluid-rock interaction experiments were all performed on the same core
(Core CGF-8, diameter: 19.7 mm, length: 20.1 mm) and were set at the initial experimental
conditions shown on the supplementary information Table 2, under the following rationale:
Experiment 1 – Undersaturated reactive fluids – Batch reactor: The core was placed into a Parr
titanium batch reactor in contact with a reactive aqueous fluid having a pH 10.5. The fluid in
the reactor was continuously stirred for 6 days at 180 °C to measure the extent of the dissolution
reactions and the corresponding change in permeability. This experimental approach is
intended to replicate natural conditions, such as the interaction of fluid pockets in large granite
fractures, where fluids present relatively long residence times. The core was removed and
analysed before it was wither reacted during experiment 2.
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Table 2. Granite core masses and fluid compositions before each reactive run.
Core

Fluid

Composition of the initial solution

Initial mass

Initial pH

K

Si

Al

Ca

Fe

Mg

NaCl

B(OH)3

NaOH

g

Buffers

mmol/kg

mmol/kg

mmol/kg

mmol/kg

mmol/kg

mmol/kg

M

M

M

Run 1

16.226

10.51

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00825

2.50E-03

2.72E-03

Run 2

16.176

10.61

2.83E-03

8.74E-04

1.88E-04

0.00E+00

0.00E+00

0.00E+00

0.00825

2.50E-03

2.80E-03

Run 3

15.825

9.44

8.67E-02

1.30E+00

1.94E-02

7.66E-02

1.96E-05

1.84E-02

Table S3

Table S3

Table S3

Experiment 2 – Undersaturated solution – Flow-through reactor: The core was then reacted
with a pH 10.6-aqueous fluid in a Parr titanium mixed-flow reactor. The fluid was maintained
at far from equilibrium conditions by the fluid-flow system avoiding the formation of
secondary phases. The flow rate was kept at 1 g/min over the first 4 days of the experiment and
increased to 2 g/min for the last two days. This experiment was designed to replicate conditions
of fluid circulation within a fractured system. Note that a second core with the same dimensions
was introduced in the reactor during this experiment as a way to verify, compare and control
the reproducibility of permeability changes during the fluid-rock interaction stage. The core
was removed at the end of this experiment and analysed further before it was further reacted
during experiment 3.
Experiment 3 – Supersaturated reactive fluid – Flow-through reactor: The granite core was
reacted in a Parr mixed-flow reactor using an aqueous solution supersaturated with respect to
selected secondary phyllosilicate phases that might be expected to form as a result of a
prolonged interaction between the rock and the circulating fluid. The concentrations of this
inlet fluid is provided in Table 3. The flow rate was set at 0.6 mL/min and kept constant over
the experiment. The reactive fluid had an initial pH of 9.4 and was chosen based on the results
of the previous flow-through experiment, and assuming a higher extent of interaction.
Table 3. Chemical composition of the initial fluid used to react with the granite core under supersaturated conditions with
respect to smectite.

Element concentration

Corresponding Compound

Amount added for 5.8 L

M

ppm

Al

3.768E-04

10.17

Al(OH)3

Ca

7.50E-05

3.01

CaCl2 0.025 M

Na

8.500E-03

195.50

NaCl

Mg

1.860E-05

0.45

MgCl2 0.025 M

4.32

Si

1.292E-03

36.29

Na-metasilicate

2.1447

g

K

7.670E-05

3.00

KCl

0.0379

g

HCl

2.20E-03

77.92

HCl

12.75

ml
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Figure 2. (a) Schematic diagram of the ParrTM reactor used in this study. The fluid outlet consisted of a dip-tube that was used
also for sampling fluids during the batch experiment and via a high-P titanium valve that was kept closed during the
experiments. The reactor is fitted with a N2 gas inlet line to maintain pressure and an external furnace to maintain the
temperature in the vessel at 180 °C. (b) Schematic diagram of the permeameter system used for permeability measurements
using the steady state flow methodology.

3.1.6 Analytical methods
Textural and chemical observations of granite cores were carried out via the ZEISS EVO
MA10 scanning electron microscope (SEM) available to S4CE via the Electrochemical
Innovation Laboratory (EIL), in the Chemical Engineering Department at UCL. Analyses were
performed on polished thin sections using back-scattered electrons (BSE) in atomic number
contrast mode. Post-reaction observations were mainly confined to the flat top surfaces of the
cores. The surfaces were gold coated prior to analysis.
These samples were filtered upon withdrawal from the reactors via a Ti-frit, with a nominal
pore size of 5 µm, 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, 7.00 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-highpurity HNO3 and the stored at 3 °C until further analyses. The major element concentrations
of these acidified samples were determined using the Varian 720 ES inductively coupled
plasma optical emission spectroscopy (ICP-OES) located at the Earth Sciences Department of
University College London.

3.1.7 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 using a Nikon XTH225 X-Ray CT scanner, available to
S4CE at the Electrochemical Innovation Laboratory (EIL), in the Chemical Engineering
Department at UCL. In total, 3185 projections were acquired, at 140 keV and 65 A 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 visualized and segmented using Avizo software
(Thermo Fisher Scientific, USA).
The resulting scans had a resolution of 12µm per pixel and the average aperture of the
fractures in the core was between 50 and 60µm. We estimate a spatial resolution of
approximately 40 µm, which is close to the aperture spacing of the fractures in the core. For
this reason, we did not perform a digital volume correlation (DVC) of the entire dataset. As an
PU
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alternative strategy, based on the extent of the changes in the core, we focused our analysis on
changes on the outer edge of the sample pillar. This approach allowed the removal of edge
effects from the scan at the top and bottom parts of the core and allowed measurement of the
greatest volume changes observed in the granite after reaction. Three datasets were registered
manually, and top and bottom parts of the dataset were removed. Internal porosity was
segmented, and the resulting volume was subtracted from the remaining datasets.

3.1.8 Aqueous chemical evolution during hydrothermal alteration
The evolution of the K, Si, Al, and Ca concentrations of the fluids that interacted with the
granite core as a function of time are shown in Figure 3. These results for the individual
experiments 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 increase in the Si concentrations, which evolved from an initial value of 0 on
day 1 to 2.37 mmol/kg on day 7. Corresponding aqueous aluminium concentrations
increased from 0 to 0.44 mmol/kg; and aqueous potassium concentrations increased from
0 to 0.17 mmol/kg.
Experiment 2 – Undersaturated reactive fluid – Flow-through reactor: Aqueous cation
concentrations during this experiment increased significantly during the first day, with
aqueous Al, Ca and K concentrations attaining a near constant values until day 4, after
which their concentrations decreased as a consequence of the flow rate increase. Si
concentration in this experiment follows a similar trend to other major cations.
Experiment 3 – Supersaturated reactive fluid – Flow-through experiment: The most significant
changes in the aqueous cation concentrations occurred during the first 2 days of this
experiment. This is evidenced by the sudden decrease in the concentrations of aqueous
Mg, Ca, and Al, which suggests the precipitation of secondary phases. Potassium
concentration increases over the same time interval, whereas Si shows a slight
concentration increase only during day one and continues to be released to the solution
at a steady rate over the rest of the experiment. With the exception of 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.
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Figure 3. Temporal chemical evolution of pH and concentration of major cations in the fluids of three experiments performed
sequentially on a single granite core. For each run, pressure and temperature were kept constant at 4 MPa and 180 °C.

3.1.9 Permeability evolution
Results for permeability measurements are summarised in Figure 4. The permeability of the
granite cores at an effective pressure of 10 MPa was 2.30 x 10-21 m2. It should be pointed out
that it took a long time for steady state flow to be attained. Permeability measurements were
therefore made on intact samples only at low effective pressure because of the time to achieve
steady state flow at higher pressures. Thermal treatment of the cores resulted in an isotropic
network of cracks that increased the permeability of the granite by about five orders of
magnitude. The permeability evolution of the cores from the Carnmenellis granite after fluidrock interaction experiments is shown in Figure 4, with the permeability of the thermally
treated but unreacted core also included for comparison.
The permeability of the thermally cracked but unreacted core (black line in Fig. 4) is
strongly dependent on effective pressure. The permeability of the core at 5 MPa effective
pressure is 1.52E-16 m2. The permeability decreases to 1.22E-18 m2 at 50 MPa effective
pressure. Note that permeability hysteresis is observed in all experiments, with the initial
permeability, measured at low effective pressure, not being fully recovered after the effective
pressure is increased to 50 MPa and then lowered back to its initial value. Crack closure 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 hysteresis and a
permeability deficit of 6.21E-17 m2 for the unreacted core at 10 MPa.
After experiment 1 (red line in Fig. 4) the permeability of the core after its reaction with an
undersaturated solution is high dependent on effective pressure up to 30 MPa, but it exhibits a
much lower dependence at higher pressures. The permeability at 5 MPa effective pressure
was 1.8E-16 m2. This decreased to 4.01E-18 m2 at 50 MPa. Again, hysteresis is observed with
a permeability deficit at 10 MPa of 7.62E-17 m2.
After interacting with an undersaturated solution in the flow-through system
(experiment 2, green line on Fig. 4) the permeability of the reacted core is significantly higher
at every pressure than that of the corresponding core following its reaction with an
undersaturated solution in a closed system (experiment one); by about a factor of three. The
permeability was 4.92E-16 m2 at 5 MPa effective pressure and this decreased to 2.78E-17 m2
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at 50 MPa. We observe a similar pressure dependence to that seen after experiment one, but
more hysteresis and a larger permeability deficit at 10 MPa of 2.51E-16 m2.
After its reaction with a supersaturated fluid in the flow-through system during
experiment three (blue line on Fig. 4) the reacted core exhibits a permeability that is lower by
about an order of magnitude than of the corresponding core following its reaction with an
undersaturated solution in a flow through system (experiment two). The permeability after
experiment three was 1.25E-17 m2 at 5 MPa effective pressure. This decreased to 5.62E-18 m2
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 at 10 MPa of 6.75E-18 m2.

Figure 4. a. Permeability evolution as a function of effective pressure of the thermally cracked and unreacted Carnmenellis
granite (black curve), and after three fluid-rock interaction experiments. The black curve shows the permeability measured in
the unreacted core. The red, green, and blue curves correspond to measurements on the core after it was recovered from
experiments 1, 2, and 3, respectively. Inset: Deficit between the initially measured permeability at 10 MPa (grey dotted line)
and that measured at the same pressure after the full pressurization/depressurization cycle.

3.1.10 Microstructural observations of reacted granite samples
SEM images obtained on the gold-coated ground top surface of the core recovered from
experiment three (Figure 5) show the presence of connected microfractures. Some of these
microfractures show evidence of dissolution (Fig 5a), including the development of etch pits
in proximity to the fracture openings and the rounded morphologies of their edges, whereas
others show mineral precipitates attached to the fracture walls. The results of the EDS analysis
of one of these precipitates is shown in Figure 5c. The foliated morphology together with the
EDS spectrum suggest it consists of an aluminium silicate containing Mg, Fe and Ca.
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Figure 5. (a) Back scattered electron image showing the ground top surface of the reacted core after experiment three,
illustrating dissolution along fractures and mineral precipitation on fracture walls. (b) Secondary electron image of the
interior of fracture seen in (a) showing the mineral precipitate within the fractures. (c) Back-scattered electron image (BSEI)
showing the angular dissolution etch pits in a quartz grain. (d) Energy-dispersive X-ray analyses of the precipitated material
in area b, showing the elemental composition of the precipitate, which is qualitatively similar to smectite.

3.1.11 X-Ray CT imaging of reacted granite samples
CT results of the core rock sample after it was recovered after experiments 1 to 3 are
presented in Figure 6. The data 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 of around 1.55%, which is equivalent to a total of ~95 mm 3 of removed
material (Fig. 7) compared with the starting core volume. Meanwhile, by the end of experiment
3 there is a less significant but notable increase in solid volume, amounting to approximately
30 mm3 of added material, or 0.49% extra solid volume in the core. However, when subtracting
the segmented volume of experiment 3 from 2, there is also a negative difference, indicating
around 10 mm3 of material was also removed during this stage (~0.17%), so that the net
increase of volume that took place during run 3 corresponds to ~20 mm3 of solid (~0.32% of
the total volume) Figure 7.
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Figure 6. 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. Red arrows point to material lost. Blue
arrows point to material gained. Yellow arrows point to high contrast minerals (micas) that show no evidence of dissolution.

Figure 7. Distribution of mineral volume
gains and losses in the core due to the three
sequential experiments performed in this
study. Top row shows the registered XZ
orthoslices of each scan 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 run 1 against run 2 (left) and the
results of the volume comparison between run
2 and run 3 (right). The bottom row shows the
results of volume comparison between stages
1 and 2 on the entire rim of the core, where
only volume loss was detected (left) and the
volume comparison between runs 2 and 3
(right), where both volume gain and loss were
detected.
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3.1.12 Conclusions and future steps for fluid-rock experiments
Our experimental geochemistry study suggests that the evolution of the permeability of natural
granite is strongly dependent on fluid chemistry. Undersaturated alkaline fluids dissolve the
most abundant rock-forming mineral phases in granite (quartz, feldspar), creating cavities
along the main fractures and generating pressure-independent permeability in the granite core
samples. Conversely, supersaturated alkaline fluids, resulting from extended periods of fluidrock interactions, can promote the precipitation of clay minerals, and decrease the permeability
of the system.
Geomechanical results on the same samples show pressure dependence of the newly created
permeability of reacted core up to 30 MPa, and insensitivity at pressures higher than 30 MPa.
We interpret the dissolved fractures as unmated at the microscale, allowing for the dissolved
fluid paths to remain open and maintain permeability at higher confining pressures.
Consequently, we suggest that chemical dissolution in the early stages of geothermal operations
could help stimulate permeable paths that are less sensitive to effective stress and will remain
open at higher pressures. Similarly, we infer that circulation of undersaturated and relatively
dilute fluids through these granitic reservoirs can prevent the precipitation of pore-clogging
mineral phases (such as clays) and preserve reservoir permeability in granite-hosted geothermal
systems (Sanchez-Roa et al 2019).

3.2 High pressure experiments applied to deep subsurface gas-shales
3.2.1 Background to HP-T shale experiments
A recent industrial advancement achieved by the energy sector attempts to directly
measure the fluids in place in a sub-surface reservoir by retrieving rock samples that are sealed
during extraction, therefore maintaining the fluids in place. The commercial approach is
commercialised by Halliburton via the CoreVaultT system. To assess whether similar
approaches could lead to reliable measurements of the gas in place, an experimental program
was launched by S4CE to quantify the amounts of fluids that could be stored in rock samples
at HP-T conditions comparable with those present in the reservoir. We summarise here the
results, soon to be published, as achieved using US gas-shales rock samples. The data were
calibrated against data obtained by the commercial sector.

3.2.2 Shale gas pressure interactions, gas volume reservoir estimates
The existing methods of estimating gas content of deep geological reservoir formations
are prone to large uncertainties in estimation of the gas in place for shale gas resources, which
affects stakeholders’ acceptance of shale gas. To address the issues for reliable measurements
of the gas in place, a laboratory apparatus was developed to accurately measure gas volumes
extracted from high pressure shale samples, which was one of the deliverables for WP3 of
S4CE project. The gas in place for Haynesville-Bossier formation shale gas reservoir was
measured experimentally using a new laboratory approach. Natural preserved waxed shale
cores were used to be pressurized with multi-component reservoir gas. Then, the pressure and
temperature conditions of core lifting (decompression) were mimicked to measure the lost gas
during core retrieval. The total gas in place is compared with the results of canister desorption
tests, which reveals significantly higher quantities of gas in place in the pressurized shale
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samples. The findings from the laboratory experiments are in close agreement with results of
side-wall coring (CoreVault®) performed on similar deep shale gas formations.
To conduct the experiments, as shown in Figure 8, the shale cores are placed in a high-pressure
vessel called the charging cylinder, which is connected to another vessel named the highpressure cell. This two-cell arrangement enables accurate measurements of the high-pressure
gas charged into the shale core samples. Having placed the samples in the charging cylinder,
firstly, the dead and pore volumes were measured using helium as a non-adsorbing gas. Then,
hydrocarbon gases such as pure methane or multi-component gas were used to charge the shale
cores up to a pressure of 6000 psi (41.36 MPa). The samples were then heated to 150 oC. Based
on gas chromatography of the produced gas, the multicomponent gas was composed of 91%
methane, 4.4% ethane, 0.4% propane, 2.3% carbon dioxide, and 1.1% nitrogen (all in weight
percent).

Figure 8. Schematic illustration of laboratory apparatus used for direct measurements of gas in place for shale samples (UCL
Department of Earth Sciences). High Pressure Cell (cylinder1) is pressurized with working gases such as helium or
hydrocarbon gases. Then, the shale rock samples in the Charging Cylinder (cylinder2) is charged with the gas in cylinder1
under constant pressure and temperature. After a long charging period, the amount of gas transferred from cylinder1 to
cylinder2 is measured directly. Afterwards, the charged shale gas sample is connected to a back-pressure regulator to
decompress under rate-controlled pressure and temperature scenarios. Therefore, the initial gas in place for high pressure
and low pressure conditions can be measured.

3.2.3 Gas shale samples and handling
The samples were provided through a USA-UK “rock-library” UCL Core Repository,
located in N Wales, which was setup during the previous H2020 project ShaleXenvironmenT.
Working with drill core of rock recovered from ~4-6 kilometres depth is widely used by the
hydrocarbon industry as a direct method to measure trapped gas, to estimate gas lost and to
extrapolate and model reservoir potential for total gas. Using different core samples for
laboratory analysis of shale-gas chemical composition (Basu et al, 2018) has led to our
suggestions for best practice for handling and storage of gas-shales (Basu et al 2020). Gasshale borehole samples often exhibit carbonate minerals deposited as calcite veins filling nearvertical fractures which are assumed to have been precipitated from migrating hydrous fluids
(Hooker et al 2017). Petrographic thin sections of some shale from >4 km below the surface
in East Texas USA can show the reaction potential of commercial gas shale formations to host
carbon as solid minerals for long geological periods of time (millions of years), with white
mm-scale veins of carbonate minerals (calcite). The extremely low permeability of shales
explains their tenacity for storing hydrocarbon gas of hundreds of millions of years where
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porosity and (low) permeability is heterogenous and controlled at the sub-micron grain scale
by nanopores whose 3D architecture and “tortuosity” is examined by laboratory Xray scanning
tomography (Backenberg et al 2017). As the porous organic matter makes an important
contribution to the connected pore network (Ma et al., 2018), the variable stability of the
organic matter depending on its association with the different minerals present (Basu et al.,
2019) may have to be taken into consideration for efficient extraction of gases trapped in them.

3.2.4 Gas-shales used in experiments
Four intact shale core plugs from the Haynesville-Bossier formation, were used for the
experiments; two for canister desorption tests and two for high pressure charging. The samples
were provided through the UCL Core Repository, located in N Wales. All four plugs were
taken from a whole core block from the Caspiana field at depth of 11750 ft. Two similar cores
for canister test would confirm the repeatability of the results. For the other two cores, one is
used for charging with methane and one with multicomponent gas, which demonstrate the
impact of gas composition on this new method of estimation. Details of average shale core
properties for samples used are provided in Table 4.
Table 4. Basic properties of shale rock cores used in the laboratory measurements.
Core ID
Bossier-Haynesville
samples

core

Mineralogy (%)

Porosity (fraction)

TOC (wt%)

Matrix Permeability (mD)

Clay=40 ± 8

0.07-0.08

3.2±0.4

3.56×10-4

Carbonates=10 ± 7

(samples

have

micro-fractures)

3.2.5 Rate-controlled degassing behaviour from HP-T experiments
Figure 9 depicts the results of the experiments performed on four shale core samples.
The pressurized shale core samples were subjected to a decompression and cooling scenario
comparable to the primary core lifting process during commercial drilling and extraction, as
illustrated in Figure 2-a. The gas volume during the simulated core lifting is measured, as
shown in Figure 2-b. The gas volumes are normalized to shale core weight to make the results
comparable. Based on the standard USBM method, the linear part of the canister tests results
can be extrapolated to estimate the lost gas volume. “Lost gas” refers to the gas which escaped
from the core during the core lifting process.
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(a)

(b)

(c)

(d)

Figure 9. Results of laboratory experiments performed on 4 shale core samples. Having pressurized two shale core samples,
i.e. Core #3 (charged with methane) and Core #4 (charged with multiple-component gas), the charged shale cores experienced
a typical pressure and temperature drops relevant to core lifting process, as illustrated in (a). The collected gas volumes
during decompressing period are shown in (b). Another two shale core samples, i.e. Core #1 and Core #2, were heated to 150
oC to perform canister test and the temporal profiles of gas volume are shown in (c). Also, the canister tests were performed
on charged shale samples and the temporal gas volume profiles are depicted in (d).

Table 5 summarises the gas-in-place estimations as measured by canister and decompressing
techniques. First to note is the repeatability of the canister tests presented in Figure 2(c).
Therefore, the samples taken from the whole core block can be compared. Figure 2(d) shows
the results of the canister desorption tests performed on the pressurized cores after
decompressing stage, which indicates different lost gas (i.e. intercept of the extrapolated line)
for samples with different gas compositions. It should be pointed out that, heating the preserved
shale gas samples could lead to accumulation of water in the liquid collector, which represented
a volumetric water saturation of 18% in the shale rock samples.
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Table 5. Shale gas composition analyses.*
Core
ID

Core 1
Core 2
Core 3
Core 4

Gas used

Methane
Multicomponent gas

Desorbed
volume
test)
ml/gr
1.05
1.15
1.00
1.25

gas
(canister

Decompressed
gas volume

Total gas by
canister

Total gas by
decompressing

ml/gr
--8.18
10.29

ml/gr
2.15
2.30
2.02
2.42

ml/gr
--9.18
11.54

Error

--450%
480%

*Footnote to Table 5: Results of gas in place measurements by high pressure charging (decompressed) and standard canister
methods. The gas volumes are normalized by weight of shale rock samples. The error presented in the last column is the
difference between decompressed and canister volumes divided by the decompressed gas volume.

3.2.6 Comparison between laboratory experiments and commercial gas
estimation
The results from this new method show that the gas volume stored in shale core samples
is 4.5 to 5 times higher for pressurized samples compared to that of conventional canistermethod estimates. The difference can be attributed to incompatibility of the canister desorption
test to high pressure shale formations. This remarkable difference in estimation of gas in place
can change the economic prospect of developing shale formations. While the measurements
presented in this work have focused on core scale gas in place, the results of laboratory
measurements can be up-scaled to the size of the shale formation to obtain the total cubic feet
of gas in place in the shale play.
To compare the results of the laboratory experiments with field observations, Table 3
shows the outcome of deploying CoreVault® side-wall cores performed at various depth in a
shale formation (data provided by Halliburton). The high-pressure side-wall cores
demonstrates 4-6 times higher gas volume compared to that of estimated by canister tests. The
discrepancies can be attributed to pressure and temperature conditions and core properties such
as total organic content. Therefore, despite the previous estimations, the shale gas formations
would have significantly higher quantities of gas in place. The agreement between the
laboratory measurements and high-pressure side-wall coring demonstrate the robustness of
experimental methodology. Also, these intertwined results support the fact that, the gas in place
for shale formation is remarkably higher than what previously measured using canister tests.
Table 6. Results of gas-in-place measurements by CoreVault® side-wall cores and standard canister methods.*
Reservoir ID

Average Depth

Decompressed Gas Volume

Desorption Volume

Error of Canister Test

feet

ml/gr

ml/gr

Shale 1

6600

3.71

0.61

604.15%

Shale 2

8050

0.93

0.16

588.15%

Shale 3

8400

5.62

1.31

429.48%

Shale 4

14700

2.08

0.37

555.53%

*Footnote to Table 6: The side-wall coring was deployed in the Marcellus formation.
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3.3 Fully coupled hydro-thermo-mechanical-chemical study of Hellisheidi
geothermal reservoir
3.3.1 Introduction
The performance of geothermal reservoirs is primarily controlled by hydrodynamic,
thermal, mechanical, and chemical interactions taking place during heat extraction. In SWIceland Hellisheidi geothermal reservoir, to assess the long-term performance of the reservoir,
numerical modelling can be employed to investigate coupled impacts of hydrodynamic,
thermal, mechanical and chemical processes. Such multidisciplinary modelling is used to
assess the competing long-term effects of solid carbonate deposition from circulating
hydrothermal fluids (CCS) versus permeability required to sustain geothermal energy
production.
The flow paths were tuned using results of tracer tests performed at the site, data
provided by S4CE partner OR. After calibrating the model with detailed structural mapping
field data and laboratory measurements, the distribution of stress throughout the reservoir was
mapped, which can be successfully correlated to the induced seismicity recorded in the field.
To quantify the geochemical interactions between injection brine and basaltic glass, the longterm fixation of CO2 and H2S was studied using geochemical modelling. The outcome of this
multi-physics study sheds light on the performance of the Hellisheidi geothermal reservoir,
which will be utilised to guide further development of the region. Note that the results presented
below are the outcome of experiments which started before S4CE was initiated: S4CE was able
to leverage existing research investments to enhance its impact.

3.3.2 Husmuli reinjection zone and Hellisheidi geothermal reservoir
The distribution of geothermal wells in the study site are shown in Figure 10 along with
geological features of the Husmuli area. A tracer test was performed in June 2013 by injecting
100 kg of tracer (1,3,6-NTS: naphthalene sulfonates) dissolved in 4 m3 of water, into the HN17
reinjection well for ~two hours followed by injection of tracer-free geothermal fluid. A series
of monitoring wells with the largest quantities of tracer recovered were HE31, HE48, and
HE44, which are located northeast of HN17 injection well. The general shape of tracer profiles
provides insight into the number of fracture networks and probable flow paths. Figure 11 (b)
illustrates the cross-sectional structure of the A-A’ plane drawn in Figure 10.
The northeast direction of the fracture network identified on the surface mapping
(Mitchell et al, 2019) is well-matched with the tracer test results. In the study area, the flow in
the subsurface basaltic formations is dominantly contained in a fracture network, such that this
system resembles a dual porosity fractured model as expressed by Warren and Root model
(Warren and Root, 1963; Ratouis et al, 2019). The average porosity and permeability of the
formation was obtained from well-testing and laboratory experiments (Ayala 2010) and (Nara
et al, 2011), as reported in Table 7. To account for this geo-mechanical behaviour, the results
of a set of laboratory experiments performed on basaltic rocks were used to model the variation
of fracture permeability with respect to effective stress, as illustrated in Figure 12 (Nara et al,
2011).
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Figure 10. Hellisheidi geothermal reservoir. As highlighted by red arrows, HN17 well was used for batch tracer injection and
wells HE31, HE48, HE44, HE33 showed the largest tracer recovery (Kristjansson et al 2016).
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Figure 11. (a) The temporal evolution of tracer (1,3,6 NTS) concentration as recovered in the producing wells (Kristjansson
et al 2016). (b) Cross sectional geological view of A-A’ (Figure 10) with the feed-zones and layers identified in the reservoir
(Tomasdottir 2018).

Table 7. Input initial parameters used to construct the geological model for geothermal reservoir simulations.

PU

Average fracture porosity (fraction)

0.01

Average horizontal fracture permeability (m2)

87.5×10-15

Average vertical fracture permeability (m2)

87.5×10-15

Fracture spacing (distance between fractures in metre)

50

Matrix porosity (fraction)

0.12

Matrix permeability (m2)

0.001×10-15
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Effective Stress (MPa)
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Figure 12. Laboratory measured stress-dependent fracture permeability (three parallel fractures) of basaltic glass rock
samples. Permeability is in logarithm scale (Nara et al 2010). The data is converted to permeability ratio to make it
independent of the initial value of distributed permeability.

3.3.3 Results of fully coupled hydro-thermo-mechanical modelling
Figure 13 illustrates the predominant faults in the Hellisheidi reservoir, which are
interpreted to be the primary fluid conduits, as revealed from the tracer test and structural
surface mapping. The blue grid blocks in Figure 13(a) indicate the constructed flow paths
controlling the horizontal and vertical communications within the reservoir. The rest of the grid
blocks in the sector do not contribute to the flow. Figure 13 (b) shows the contour line
expression of the fracture permeability distribution, with the three faults acting as flow paths
allowed by higher porosity and permeability compared to the surrounding medium. For the
distributed permeability, the two faults on the left-hand side were unified and extended to be
able to identify possible flow toward he north of the reservoir. This conceptual gridding scheme
was also applied on the southern part of the model to allow the sector to communicate with
southern and northern part of the mode, if needs be. It should be noted that, the permeability
distribution is the initial guess for the model and, the permeability and porosity of the fracture
network would be adjusted by history matching exercise. In terms of vertical geological
structure, the model has constructed with main 7 layers based on the feed-zone depths identified
during well perforation and target layers for injection and production. The sector of the
reservoir was divided in 7 horizontal layers, their thickness was largely based on the depth of
the large feed-zones, as shown in Figure 11(b).
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(a)

(b)
Figure 13. (a) Schematic illustration of preferential flow pathways based on the inferred fracture network as shown in Figure
14. (b) fracture permeability distribution in the model to represent the three main flow paths. White arrows on (a) image
highlight the three main flow pathways inferred from fault and dikes exposed in the surface mapping. Black arrows on (b)
represent the three main fracture permeability flow paths constructed in the geological model.

3.3.4 History-matching between model and field data
Fracture permeability and porosity were adjusted for the seven horizontal layers
constituting the reservoir to history match the field data of tracer test. Figure 14 depicts the
results of history matching for the four producing wells. An acceptable similarity between the
simulation results and field data was achieved. Not only the temporal profiles of tracer
concentration were matched, the arrival time of the tracer in each producing was accurately
reproduced. The success of the history matching suggests that the model is suitable for longerterm predictions.
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Figure 14. Comparison of history matching for the four producing wells showing tracer concentrations from field data (dots)
and coupled hydro-thermal-mechanical model simulation results (continuous line).
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Figure 15. (a) Multiplier for horizontal (longitudinal) fracture permeability as obtained from history matching. (b) Multiplier
for vertical (transverse) fracture permeability as obtained from history matching. (c) Tuned fracture porosity as obtained from
history matching.
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3.3.5 Interpreting the model results
Having matched the field data using the results of the tracer test, Figure 15 (a, b) show
the multipliers for longitudinal (horizontal) and vertical fracture permeability for the various
layers. This parameter determines the relative speed of the tracer travelling towards producing
wells. Figure 15 (c) shows the fracture porosity tuned for each reservoir layer. Based on the
history matching results, the reservoir has two distinct compartments. The top of the reservoir
has a higher fracture porosity compared to the bottom. This feature in fracture porosity can be
used as a helpful indication for further development of the reservoir for target perforations.
The Hellisheidi geothermal plant has been capturing CO2 and H2S by dissolution in
pressurized water and injecting it into the subsurface basalts for the storage of these gases
(Gislason et al 2018). The injection of CO2-charged water in basaltic formations and resultant
mineralisation of the injected CO2 into solid carbonate minerals have been investigated at
different scales (Gislason et al 2018), and the successful mineral storage of CO2 and H2S has
been demonstrated (Matter et al 2016; Trias et al 2017; Oelkers et al 2018). In short, CO2 and
H2S would be partitioned into HCO3- and HS- and resultant aqueous phase would react with
cations such as Ca2+ and Mg+2 and Fe2+ to be precipitated in the form of carbonate and sulphites
(Matter et al 2016). The gas charged injection fluid was continuously doped with a thermally
stable tracer during the first 1.5 years of the CarbFix2 gas charged water injection. This tracer
can be helpful in detection of breakthrough and recovery profiles of the injected fluids. Figures
16 and 17 illustrate the distribution of tracer and minerals formed in the 3rd layer from the
bottom of the model three years after the beginning of CarbFix2 injection. After three years,
the tracer injected is evident in the producing wells indicating the extent of advancement of the
injected fluid. However, as highlighted in Figure 17, mineralisation is limited to the flow paths
between the HN16 injection and the first HE31 producing well. Very little CO2 and its
corresponding species could be observed in the HE48 and HE44 wells. Figure 18 demonstrates
the predicted three dimensional (3D) spatial distribution of the minerals formed within the
reservoir due to formation of carbonate minerals and pyrites. In 3-dimensions, CO2 and H2S
fixation in the geothermal reservoir is localised between the injection well and the first
producing well adjacent to the injection well. Some results have been presented at meetings
(e.g., Mahzari et al., 2019).
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Figure 16. Spatial distribution of the tracer in the 4th layer (from the surface) in the reservoir showing the advancement of the
tracer towards the producing wells.

Figure 17. Spatial distribution of changes in fracture pore volume due to mineral precipitation, i.e. carbonates and pyrites.
Precipitation is localised between HN16 injection well and HE31 producing well.
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Figure 18. 3D distribution of precipitates, illustrated in terms of changes in pore fracture volume, due to CO2 and H2S fixation
after three years of injections.

4 Conclusions and future steps
4.1 Cornwall granite geothermal fluid-rock interaction
The results of our experiments highlight the importance of fluid chemistry in geothermal
systems where the interplay between dissolution and precipitation reactions must be considered
in designing prolonged reservoir productivity. The lifespan of geothermal systems will be
largely dependent on the reservoir´s permeability, while the energy produced becomes more
cost efficient and with a lower carbon footprint, the longer its permeability is sustained.
Therefore, efforts to find sustainable ways of keeping and enhancing reservoir permeability in
geothermal systems can contribute to lowering CO2 emissions and sourcing more sustainable
energy. The experimental protocol implemented by S4CE could also become a cost-effective
approach to optimize the composition of the fluids being recirculated in a given reservoir.

4.2 Gas shale characterisation and reservoir volumes
The results presented for an innovative high pressure high temperature experimental
method to estimate the maximum amount of fluids in place in reservoir samples reveal
significantly higher shale gas potentials as compared to estimates achieved by the conventional
canister tests. For the USA shales samples used, our results suggest that the gas volume stored
could be 4.5 to 5 times higher than that estimated using conventional approaches, suggesting
that the lost gas during shale core lifting may not be reliably estimated using standard USBM
canister test. Our results highlight the fact that advanced methodologies are essential for a
sound economic and environmental evaluation sub-surface geo-energy developments.
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4.3 Forward modelling of the Hellisheidi geothermal reservoir-combined
CCS system to estimate reservoir capacity
The simulation results achieved within the S4CE consortium have two main implications;
(i) mineralisation processes would take place rapidly under the conditions of the geothermal
reservoir and (ii) CO2 and H2S mineralisation might not adversely affect the long-term
injectivity (3 years) of the Hellisheidi geothermal system. However, it should be pointed that
the results are specific to the field site considered, and that there are a number of simulation
parameters which are needed to be fine-tuned, including performing laboratory experiments on
recovered subsurface, and matching with further field test data. Future steps for this modelling
would be to consider the reaction rate processes of CO2 and H2S mineralisation may be
optimised for CO2 and H2S concentration and also fluid carrier injection rate. However, the
approach implemented could be useful in estimating the feasibility of successfully sequestering
CO2 in a new formation without compromising the productivity of geothermal energy.

5 Publications resulting from the work described
Basu, S., Ahmed, J., Jones A.P. and Verchovsky, A.B. (2018) Characterisation of carbon components
and their isotopic composition in gas shales, Energy Procedia,146, ISBN: 978-1-5108-6776-5
Basu S., Jones, A.P., Pedram M. (2020) Best practices for shale core handling: transportation, sampling
and storage for conduction of analyses. Journal of Marine Science and Engineering (in press).
Mahzari, P., Sanchez-Roa, C., Santon-Yonge, A., Saldi, G., Mitchell, T., Oelkers, E.H., Hjorleifsdottir,
V., Snabjornsdottir, S., Ratouis, T., Striolo, A., Jones, A.P. (2020): “An Integrated Modelling
Study of Hellisheidi Geothermal Reservoir”, World Geothermal Congress 2020, Reykjavik,
Iceland. Conference Abstract
Mahzari P., C. Sanchez Roa, Stanton-Yonge A., Saldi G., Mitchell T., Oelkers E.H., Hjorleifsdottir
V. , Snaebjornsdottir S. Osk, Ratouis T., Striolo A., and Jones A.P. (2019): An Integrated
Modelling Study of Hellisheidi Geothermal Reservoir.Proceedings World Geothermal Congress
2020. Conference Abstract
Mitchell, T. M., Sanchez-Roa, C., Browning, J., Meredith, P. G., Magnarini, G., Jones, A. P., Oelkers,
E. H. (2018) Characterization of Fractured Networks in Geothermal Reservoirs: From Field
Outcrops to Laboratory Measurements. AGU Fall Meeting. Abstract #T32D-19.
Sanchez Roa, C., Mahzari P., Mitchell T., Snaebjornsdottir S. Osk, Sigfusson B., Oelkers E.H., Jones
A. P., Striolo A.. (2020) Constraining the hydraulic properties of the hydrothermally altered rocks
of the Geothermal fields of Hengill Volcano, Iceland. Conference Abstract Goldschmidt
conference 21-26 June 2020
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P., Striolo, A. (2019) Experimental study of fluid-rock interaction and permeability evolution in
granite: applications to geothermal energy reservoirs in Cornwall. AGU Fall Meeting, Conference
Abstract # MR11C-0064
Sanchez-Roa, C. Geothermal energy: applications of experimental rock mechanics to optimization and
risk mitigation. Invited Short Course in the 2019 Northeastern University International
Postgraduate Summer School: Rock Mechanics for the Future. Conference Abstract Shenyang,
China.
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