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The H2020 project “Combined Heat, Power and Metal extraction” (CHPM2030) aims at developing a novel technology which
combines geothermal energy utilisation with the extraction of metals in a single interlinked process. In order to improve the
economics of geothermal-based energy production, the project investigates possible technologies for the exploitation of metal-
bearing geological formations with geothermal potential at depths of 3-4km or deeper. In this way, the coproduction of energy
and metals would be possible and could be optimized according to market demands in the future. This technology could allow
the mining of deep ore bodies, particularly for critical metals, alongside power production, while minimizing environmental
impact and costs. In this paper, we describe laboratory leaching experiments aimed at quantifying the relative rates and
magnitudes of metal release and seeing how these vary with different fluids. Specific size fractions (250-500 ym) of ground
mineralised rock samples were investigated under various pressures and temperatures up to 250bar and 250°C. Initial
experiments involved testing a variety of potential leaching fluids with various mineralised samples for a relatively long time
(up to 720h) in batch reactors in order to assess leaching effectiveness. Selected fluids were used in a flow-through reactor with
shorter contact time (0.6h). To ensure possible application in a real geothermal reservoir, a range of fluids were considered,
from dilute mineral acid to relatively environmentally benign fluids, such as deionised water and acetic acid. The main findings
of the study include fast reaction time, meaning that steady-state fluid compositions were reached in the first few hours of
reaction and enhanced mobilisation of Ca, Cd, Mn, Pb, S, Si, and Zn. Some critical elements, such as Co, Sr, and W, were also
found in notable concentrations during fluid-rock interactions. However, the amount of these useful elements released is much
less compared to the common elements found, which include Al, Ca, Fe, K, Mg, Mn, Na, Pb, S, Si, and Zn. Even though
concentrations of dissolved metals increased during the tests, some remained low, and this may present technical challenges
for metal extraction. Future efforts will work toward attaining actual fluids from depth to more tightly constrain the effect of
parameters such as salinity, which will also influence metal solubility.

The idea of using geothermal brines for mineral extrac-
tion has existed for decades. One key element of interest is

The strategic objective of the CHPM2030 project is to
develop a novel technological solution (combined heat,
power, and metal extraction from ultradeep ore-bearing
rocks), to make geothermal energy more attractive, and to
reduce Europe’s dependence on the import of metals and fos-
sil fuels [1].

lithium [2-4], but a wide spectrum of elements that may be
suitable for extraction is present in geothermal reservoirs
and fluids [5, 6].

Current demand for metals is driving an expansion in
mining operations aided by scientific and technical advances
in, for example, the use of robotics, nano-mining, laser
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FIGURE 1: Schematic representation of the CHPM concept. The information presented in this report relates to the release of metals from the

“ultradeep orebody” and into the recirculating geothermal fluid.

mining [7, 8], etc. These developing technologies reduce the
exposure of miners to hazardous underground environments
and make possible the selective transport of valuable metals
to the surface rather than moving large amounts of material
which will eventually go to waste.

In the envisioned CHPM technology, an enhanced or
engineered geothermal system (EGS) is established within a
metal-bearing geological formation at depths of 3-4km or
more (Figure 1). Based on geological and hydrogeological
settings, EGS could be hydrothermal or petrothermal (a hot
dry rock (HDR) system) [9]. The concept involves the
manipulation of a theoretical petrothermal system such that
the coproduction of energy and metals will be possible [10].
Through experiments at the laboratory scale, we have inves-
tigated the leaching potential of various fluids and whether
such enhancement of geothermal systems can make them
more attractive economically, i.e., whether metals can be lea-
ched from orebodies in economic concentrations over pro-
longed periods, and if leaching might increase the system’s
performance over time (through, for example, silicate disso-
lution and permeability enhancement), negating or reducing
the use of more common methods of reservoir stimulation.

A key aspect of the CHPM2030 concept is that metals can
be transported in solution from mineralised structures at
depth to surface infrastructure where they can be extracted
(Figure 1). Based on current technology, which often relies
on exchange or adsorption processes, the extraction process
will be more effective with higher dissolved concentrations
of metals [11] and hence with faster rates of dissolution of
metal-bearing minerals. However, too large a dissolved load

may lead to problems of precipitation within production
boreholes or surface infrastructure, and hence, it increases
maintenance needs and costs. Thus, there is a need to balance
the potential for increased revenue generation from recover-
ing more metals against potential increased costs resulting
from increased maintenance operations. There is also a need
to consider the wider physical environment in which the
systems will need to operate as well as issues of public accep-
tance [12]. This includes being mindful of environmental
considerations and the carefully controlled use of additives
that are relatively environmentally benign.

Factors underpinning the above aspects are the rates and
magnitudes of metal release, and laboratory experiments
simulating in situ conditions are a useful way to provide
well-constrained data to help understand these. Such experi-
ments also allow us to test different fluid compositions in
order to ascertain if there are specific additives that may
improve the metal recovery process [13].

Our approach has been to work initially at lower temper-
atures with a focus on a few mineralised samples (mainly on
material from Cornwall, southwest England) in order to
investigate the leaching potential of various fluids. Here, we
present results from experiments using samples of minerali-
sation from Cornwall reacted with deionised water, acetic
acid, and a mixture of hydrochloric and nitric acid. Samples
from the Banatitic Magmatic and Metallogenetic Belt in
Romania (BMMB Masca-Cacova Ierii) and Hungary (Ruda-
banya and Recsk) were also tested with deionised water and
acetic acid. These fluids have been chosen to represent the
scale from very benign (deionised water) to more aggressive
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TaBLE 1: Major geological and mineral properties of the samples.

Summary of bulk mineralogy

Sample ID Sample locality Geological setting (as determined by XRD)
HTLMix Herodsfoot, Baked sediments with partial 87% quartz, 5% muscovite, 2% dolomite, 5% galena,
SW England quartz vein minor albite, chlorite, pyrite, and sphalerite
HTL315 South Caradon, Mainstage mineralisation 70% quartz, 7% schorl, 5% chlorite, 2% calcite,
SW England associated with granite bodies 10% pyrite, 5% arseonpyrite, and minor greigite and biotite
HTIL319 Cligga Head, Tin-tungsten mineralisation 88% quartz, 2% muscovite, 3% cassiterite,
SW England associated with granite bodies 3% columbite, and 4% ferberite
_ 1 0, 1 0, 1 0, 1
HTL321 Masca Cocoyalem, Mineralised skarn country rock 22% do'lomlte, 49% pyr%te, 27% ma.gnetlte,
Romania minor quartz, calcite, and barite
, . 8% quartz, 2% calcite, 68% magnesite, 6% cerussite,
HTL322 Rudabdnya, Carbona‘te hos}ed}ead—zmc 1% sphalerite, 1% columbite, 11% barite,
NE Hungary mineralisation . . .
2% magnetite, and minor dolomite
0, 0, 1 0, 1 0, 1
HTL324 Recsk, NE Hungary ~ Porphyry sulphide polymetallic ore 74% quartz, 5% calcite, 9% pyrite, 11% magnetite,

minor albite, dolomite, and sphalerite

but still reasonably acceptable (0.1 M acetic acid or ‘vinegar’)
and to very aggressive and environmentally unacceptable
mineral acid.

Experiments were run using both batch equipment, where
materials are reacted in a closed system, and from which sam-
ples are withdrawn regularly, and also flow-through equip-
ment, where fluid is passed once through the system.

2. Materials

The solids used in the experimental work are detailed in
Table 1. Samples generally consist of either massive minerali-
sation or mineralised material together with some surround-
ing country rock.

All samples were repeatedly crushed in a tempered steel
jaw crusher to obtain a powdered fraction of <500 ym. This
fraction was then sieved to produce a 500-250 ym fraction,
which was used for the experimental and analytical work.
This fraction was cleaned to remove fines and surface
impurities, by repeated rinsing in acetone, until the super-
natant ran clear. These “washed” samples were then oven
dried at 30°C.

Solid samples will be referred to by their unique three-
digit identifier throughout this report. Samples collected by
British Geological Survey were from sites in South West
England and labelled HTL315, HTL319, and HTLMix which
is a mixed sample from materials representative of a minera-
lised quartz vein (containing galena, sphalerite, and some
chalcopyrite) found at Herodsfoot, southwest England. The
mixture was used to provide more representative “bulk” min-
eralogy for use in experiments. HTL321 originates from a
skarn deposit in the BMMB Masca-Cacova lerii in Romania
which is a magnetite deposit also enriched in sulphides with
visible chalcopyrite. HTL322 is from Rudabanya, Hungary,
from a Mississippi Valley Type (MVT) deposit. The sample
is characterised by banded baritic lead ore from a metaso-
matic deposit hosted by limestone; galena grains in dark
bands can be recognized with coarse-grained white barite
lenses and fine-grained limonitic matrix. HTL324 from
Recsk, Hungary, represents porphyry mineralisation

sampled from an intrusion related to porphyry copper
deposits and includes a breccia with sulphide matrix and
veins [14]. Starting materials were characterised using X-
ray diffraction for bulk mineralogy and BET (Brunauer-
Emmett-Teller) analysis for surface area.

Details of the solid samples, including their sampling
location, geological setting, and a summary of their bulk
composition, as determined by XRD, can be found in
Table 1. All samples were collected from the surface, gener-
ally from mine dumps or rockfalls adjacent to exposures.
Efforts were made to ensure that the material used for the
experiments was as pristine as possible, i.e., materials at or
near (within ~10cm) weathered surfaces were avoided. A
variety of solutions were used in the experiments in order
to test their relative potential for liberation of metals from
ore-bearing deposits. Most of these were created using one
or two reagents dissolved or diluted to the desired concentra-
tion. The fluids used in the experiments reported here as well
as the temperature/pressure conditions of the experiments
using various solids are summarised in Table 2.

3. Method

3.1. Batch Experiments. Two different methods were used for
the batch experiments, which are chosen according to the
experimental conditions (i.e., pressure and temperature)
required. Initial experiments were carried out at atmospheric
pressure, using high-density polyethylene (HDPE) bottles
fixed into a rotating mixing assembly. Solid samples were
carefully weighed and added to the appropriate fluid in a
40:1 fluid: rock ratio. The relatively high fluid to rock ratio
was chosen to meet fluid sampling requirements while mini-
mising changes in reaction rate due to relative changes in
fluid : rock ratio due to sampling. The experimental “charge”
in these experiments consisted of an accurately known
amount of granulated rock sample (around 5g) together
with 200 ml of reactant solution. The tops of the HDPE bot-
tles were securely tightened, the vessels were arranged sym-
metrically on the mixer, and the entire assembly was placed
into a thermostatically-controlled fan-assisted oven. When
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TaBLE 2: Summary of experimental materials and conditions used.
.. . . 0.01 M HCI, 0.1 M HCI, 0.03M

Solvent Deionised water 0.1 M acetic acid 0.003 M HNO3 HNO3
Sample 70G, 100°C, 200°C, 250 bar 70C, 150G, 250°C, 250 bar  100°C, 200 bar 100 C, 200 G,
D 1bar 200bar fAow-throuch 1 bar 200 bar flow-throuch batch 200 bar 200 bar

batch batch W & batch batch W & batch batch
HTLMix v v v v v v v
HTL315 v v v v
HTL319 v v v
HTL321 v v v
HTL322 v v
HTL324 v v v

running, the mixer turned at approximately six revolutions
per minute—enough to ensure good mixing between solid
and solution without causing too much mechanical damage
to the solid grains.

Higher temperature and pressure experiments utilised
titanium batch reactors inside thermostatically-controlled
fan-assisted ovens [15, 16]. The basic layout of the batch
reactors used is shown schematically in Figure 2. Viton O-
rings are used between the vessel body and vessel head to pre-
vent loss of pressure. A large retaining ring is screwed onto
the top of the vessel to keep the vessel body and vessel head
together when pressurised. This equipment was used for
the experiments at 100°C, 150°C, and 200°C.

Loading the vessel consisted of adding accurately known
amounts of granulated rock (approximately 8.75 g) and syn-
thetic groundwater or other leaching solution (350 ml) plus a
magnetic stirrer bead in the experiments carried out below
200°C. The head of the reaction vessel was then pushed on,
and the retaining ring securely screwed down. The headspace
of the vessel was flushed with nitrogen prior to pressurisa-
tion. A titanium dip tube (and associated valve), fitted with
a PTFE filter assembly, was added to each vessel.

To minimise mechanical damage to the solid, the stirrer
bead was both held in a small cage and only activated for
approximately 2 minutes in every 4 hours. For the experi-
ments conducted at 200°C, the stirrer assembly and stirrer
bead, as well as the filter assembly, had to be removed, and
instead, the vessels were periodically agitated by hand (on
average about once per day). Nitrogen was used to pressurise
these batch experiments with experimental pressure being
controlled via an ISCO 360D syringe pump. The N, used
was classified as “oxygen free” (99.998% pure).

At the end of each experiment, as much of the solution as
possible was removed prior to cooling and depressurisation
of the vessel. Once well below 100°C (i.e., the boiling point
of the leachate being used), the vessel was slowly depres-
surised, dismantled, and reacted rock grains recovered for
subsequent analysis. Batch experiments were run for around
600-1000 hours.

3.2. Flow-through Experiments. Leaching processes were also
investigated under continuous flow conditions using a flow-
through reactor (Figure 3). The reaction took place in a stain-
less steel high-pressure liquid chromatography (HPLC)

column 250mm in length and with an inner diameter of
21.2mm. The pressure in the column was maintained by an
Ecom Kappa 10 Single-Plunger HPLC pump. A 50 cm stain-
less steel capillary and a fluid back-pressure regulator were
fitted at the outflow of the column. The length of this tubing
was used to allow outflowing fluid to cool to below 90°C
before being depressurised. Heating bands were attached to
the column and controlled by a thermostat (WH-1435D
PID digital thermostat with +1°C control regulation). This
high-pressure high-temperature device was loaded with
approximately 150 g of the rock sample and operated at a
temperature of approximately 250°C and a pressure of
250 bar. These parameters correspond to depths of around
2.5-3km in an average geothermal field [9, 17]. During the
experiments, the flow rate in the reactor was 0.5 ml per min-
ute, which resulted in a contact time between the fluid and
rock of 30-50 minutes, allowing the collection of sufficient
sample volumes for chemical analyses.

3.3. Sampling and Analysis. For sampling, the experiments
carried out using the rotating shaker setup; rotation was
stopped, and the bottles were removed from the assembly
one at a time to minimise any cooling following removal
from the oven. Upon removal, each bottle was unsealed,
and a sample was removed using a polyethylene syringe
and subsequently filtered using a 0.2 yum nylon syringe filter
prior to subsampling for analyses.

For experiments carried out using titanium vessels, a
valve on top of the vessel (attached to an internal titanium
sampling tube) was opened to a syringe attached to the valve
via a length of polyetheretherketone (PEEK) tubing. An
accurately known quantity (typically 1-5ml) of fluid was
allowed to flow into the syringe in order to flush the sample
tube, valve, and tubing. This syringe was removed and dis-
carded. A second syringe was then attached and used to with-
draw an accurately known amount (approximately 10 ml) of
fluid. This sample was subsequently filtered using a 0.2 ym
nylon syringe filter.

Once a sample of filtered fluid was obtained, each was
split into several sub-samples for ion chromatography (IC),
inductively coupled mass spectrometry (ICP-MS), alkalinity
(carried out by titration against sulphuric acid), and reduced
iron (carried out colorimetrically using ultraviolet spectrom-
etry) analyses as well as analysis of pH and Eh. Subsamples
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TaBLE 4: Concentration of the “at risk” elements in each leachate from the batch reaction.

Element Ag Co Ga Mo Sb Sr \% w Total “at risk”
Sample PPB PPB PPB PPB PPB PPB PPB PPB PPB
HTLMix + DI water * * * * 116.41 51.30 ) ’ 167.71
HTLMix + 0.1 M acetic acid * 77.29 17.15 * 20.41 92.04 * 67.67 274.56
HTLMix + 0.1 M acetic acid 200°C * 26.48 4.00 1.04 656.28 141.60 * * 829.40
HTLMix + 0.013 M mineral acid * 3.76 * 2.64 32.10 84.80 * 0.24 123.54
HTLMix +0.13 M mineral acid 100°C * 159.07  12.00  17.48 3.49 149.20 * 0.28 341.52
HTLMix +0.13 M mineral acid 200°C ) 979.95 8.00 17600  7100.00  220.00 ) 7.98 8491.92
HTL315 + DI water ¥ 1001.28 * * 71.93 * * * 1073.21
HTL315 + 0.1 M acetic acid * 1069.75 * * 90.06 * * 91.59 1251.40
HTL319 + DI water ¥ * * * 241 * * 181.83 184.24
HTL319 + 0.1 M acetic acid * * * * * * * 128.04 128.04
HTL321 +0.013 M mineral acid * 11.64 * 2.60 43.51 101.20 * * 158.95
HTL324 +0.013 M mineral acid * 5.52 * 0.44 0.16 58.40 * * 64.52

*: concentration was under the detection limit.

for ICP-MS analysis were diluted using deionised water and
acidified using HNO;. Subsamples for alkalinity and ion
chromatography (IC) analyses were diluted using deionised
water. Subsamples for analysis of reduced iron were
diluted and prepared for analysis using deionised water
and 2,2-bipyridyl solution.

At the end of each experiment, as much of the fluid
phase was removed as possible to minimise the formation
of unwanted precipitates during cooling and depressurisa-
tion. The vessels were then cooled as rapidly as possible
to below 80°C and then depressurised. After the opening
of the reaction vessels, any residual fluid was sampled
(and then subsampled and preserved as per samples
described above) to allow characterisation of any chemical
changes in the system during depressurisation and cooling.
The reacted solids were removed from the vessel, a sub-
sample of which was rinsed using acetone, and then oven
dried at 30°C.

For quantitative whole-rock X-ray diffraction (XRD)
analysis, >5 g samples of the starting solids were ball-milled
and then micronized underwater to a fine powder (<10 ym).
XRD analysis was carried out using a PANalytical X’Pert
Pro series diffractometer equipped with a cobalt-target tube
and operated at 45kV and 40 mA. Derivation of quantitative
mineralogical data was accomplished by using the least
squares fitting process applying the Rietveld refinement tech-
nique [18]. A subsample of the crushed starting solids was
also dissolved using hydrofluoric acid digestion, and the
resulting liquid was analysed using ICP-MS as per the fluid
samples from the experiments.

4. Results

4.1. Batch Experiments. Batch experiments were conducted
using deionised water, acetic acid (in 0.1 M concentration),
and mineral acid (a mixture of 0.13M HCI and 0.013M
HNO,;) on the range of samples HTLMix, HTL315,
HTL319, HTL321, and HTL 324 at 70°C, 100°C, 150°C, and

200°C under 1 bar (70°C experiments only) and 200 bar pres-
sure (Table 3). In this study, the elements appearing in the
highest concentration were Al, B, Ba, Ca, Cd, Cr, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, Rb, S, Si, and Zn. The economic value
of these elements is debatable, due to limited utility or wide
availability, and these elements are here referred to as “com-
mon” elements. Elements with higher value but appearing in
lower concentrations, such as Ag, Co, Ga, Mo, Sb, Sr, V, and
W elements, were selected as desirable and referred to as “at
risk” elements in this paper based on the evaluation by Euro-
pean Commission et al. [1]. Data about the composition of
samples from batch reactions, on which the following figures
are based, can be found in Tables 4 and 5. To illustrate results
from analyses, spider plots were used, where individual ele-
ments are arranged in a ring around a central point repre-
senting zero concentration of all the elements. Thus,
concentrations increase away from the centre of the plot (in
this study on a logarithmic scale).

4.1.1. Leaching Tests Using Deionised Water as Solvent.
Leaching experiments were carried out using deionised water
on UK samples HTL315, HTL319, and HTLMix at 70°C. The
total concentration of “common” elements found in the
leachate shown in Figure 4 corresponds to approximately
70 ppm in the case of HTL315, 5.4ppm in the case of
HTL319, and 29 ppm in the case of HTLMix. In HTL315,
Fe and Si were the elements detected in higher concentration,
accounting for 58% and 24% of the total “common” elemen-
tal concentration, respectively. In HTL319, Si was the most
abundant element, accounting for 96% of the total “com-
mon” elemental concentration. For the leachate produced
by reaction with HTLMix, Mg was the most abundant ele-
ment, with K and Si were also detected, accounting for
67%, 16%, and 15% of the total “common” elemental concen-
trations, respectively.

Reaction at 70°C temperature under 1bar pressure with
HTL315, HTL319, and HTLMix resulted in the mobilisation
of approximately 1070 ppb, 180 ppb, and 170ppb of the
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HTL315 + DI water

HTL319 + DI water

HTLMix + DI water

F1Gure 4: Common elemental composition (in ppm) of each leachate reacted with deionised water at 70°C temperature under 1 bar pressure
in batch rotating shakers after 670 hours (absence of data points reflects concentrations below the limits of detection).

HTL315 + DI water

HTL319 + DI wate

HTLMix + DI water

Ficure 5: Concentration (in ppb) of the “at risk” elements in each sample reacted with deionised water at 70°C temperature under 1 bar
pressure in batch rotating shakers after 670 hours (absence of data points reflects concentrations below the limits of detection).

HTL315 + 0.1 M acetic acid

HTL319 + 0.1 M acetic acid

HTLMix + 0.1 M acetic acid

F1GURE 6: Elemental composition (in ppm) of each leachate reacted with 0.1 M acetic acid at 70°C temperature under 1 bar pressure in batch
rotating shakers after 720 hours (absence of data points reflects concentrations below the limits of detection).

selected “at risk” elements, respectively. Of these elements,
Co, W, and Sb were detected at the highest concentrations
(Figure 5).

4.1.2. Leaching Tests Using Acetic Acid as Solvent. The total
concentration of “common” elements in the final sample

taken at 70°C, shown in Figure 6, corresponds to approxi-
mately 100 ppm in the case of HTL315, 18 ppm in the case
of HTL319, and 1050ppm in the case of HTLMix. In
HTL315, Fe and Si were the elements with the highest con-
centration, yielding 58% and 22% of the total “common” ele-
ments. In HTL319, Si was the most dominant among the
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HTL315 + 0.1 M acetic acid

HTL319 + 0.1 M acetic acid

HTLMix + 0.1 M acetic acid

F1Gure 7: Concentration (in ppb) of the “at risk” elements in each sample reacted with 0.1 M acetic acid at 70°C temperature under 1 bar
pressure in batch rotating shakers (absence of data points reflects concentrations below the limits of detection).

HTLMix + 0.1 M acetic acid 150° C

HTLMix + 0.1 M acetic acid 150° C

()

(b)

FiGure 8: Concentration of the “common” ((a) in ppm) and “at risk” ((b) in ppb) elements obtained from HTLMix at 150°C temperature
under 200 bar pressure in Ti batch vessel after 1000 hours (absence of data points reflects concentrations below the limits of detection).

HTLMix + 0.013 M mineral acid

HTLMix + 0.013 M mineral acid

HTLMix + 0.013 M mineral acid

F1GUrE 9: Elemental composition (in ppm) of each leachate reacted with the mixture of 0.01 M HCl and 0.003 M HNO; at 100°C temperature
under 200 bar pressure in Ti batch reactors (absence of data points reflects concentrations below the limits of detection).

“common” elements, accounting for 50% of the total dis-
solved concentration. In the case of HTLMix, large amounts
of lead were leached, with concentrations of 870 ppm Pb in
the final sample, accounting for 83% of the total concentra-
tion of “common” elements observed.

Reaction with 0.1 M acetic acid at 70°C temperature
under 1bar pressure resulted in leached concentrations of

approximately 1250 ppb of the selected “at risk” elements
in the case of HTL315, 130 ppb in the case of HTL319,
and 280 ppb in the case of HTLMix (Figure 7). The most
efficient mobilisation was in the case of HTL315; in this
sample, Co was leached at a concentration of up to
1070 ppb. Tungsten was also detected in every leachate
though at lower concentrations.
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HTL321 + 0.013 M mineral acid

HTL321 + 0.013 M mineral acid

HTL321 + 0.013 M mineral acid

FiGure 10: Concentration (in ppb) of the “at risk” elements in each sample reacted with the mixture of 0.01 M HCl and 0.003 M HNO, at
100°C temperature under 200 bar pressure in Ti batch reactors after 770 hours (absence of data points reflects concentrations below the

limits of detection).

HTLMix 100 °C

HTLMix 200 °C

Figure 11: Elemental composition (in ppm) of HTLMix reacted with the mixture of 0.1 M HCl and 0.03 M HNO; at 100°C and 200°C
temperature under 200 bar pressure in Ti batch reactors after 770 hours and 530 hours, respectively.

HTLMix 100 °C

HTLMix 200 °C

F1GURE 12: Concentration (in ppb) of the “at risk” elements in HTLMix reacted with the mixture of 0.1 M HCl and 0.03 M HNO? at 100°C and
200°C temperature under 200 bar pressure in Ti batch reactors after 770 hours and 530 hours, respectively (absence of data points reflects

concentrations below the limits of detection).

HTLMix was also leached using 0.1 M acetic acid at
150°C temperature under 200 bar pressure. Figure 8 shows
the concentrations of the selected “common” and “at risk”
elements. The total concentrations of “common” and “at
risk” elements mobilised were 300 ppm and 830 ppb, respec-
tively. Ca, Si, and Pb had the highest abundance amongst the
“common” elements, constituting 37%, 25%, and 6% of the

total “common” elements leached, respectively. Sb, Sr, and
Co were the most important “at risk” elements leached, con-
stituting 79%, 17%, and 3% of the total, respectively.

4.1.3. Leaching Tests Using Mineral Acid as Solvent. Leaching
in Ti batch reactors using the mixture of 0.01 M hydrochloric
acid and 0.003M nitric acid was conducted at 100°C
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TaBLE 7: Concentration of the “at risk” elements in each leachate from the flow-through reaction.

Element Ag Co Ga Mo Sb Sr \% w Total ‘at risk’
Sample PPB PPB PPB PPB PPB PPB PPB PPB PPB
HTL322 + DI water 1 * 424 ) 0.6 19.45 844.57 ’ 0.19 869.05
HTL322 + DI water 2 * 2.77 * 0.6 15.81 660.15 * 0.07 679.40
HTL322 + DI water 3 * 2.02 * 0.5 65.22 489.79 ’ 0.05 557.58
HTL322 +0.1 M acetic acid * 0.81 ) 8.6 91.66 414.46 ) 0.23 515.76
HTL324 + DI_water 0.09 0.28 * 3.8 18.75 377.31 0.3 1.06 401.59
HTL324 + 0.1 M acetic acid * * * * 2837.00 * * 2837.00
HTL321 + DI_water * * * * 1526.00 * * 1526.00
HTL321 + 0.1 M acetic acid : * * * 1094.00 * * 1094.00
HTL315 +0.1 M acetic acid ) 209.29 ) ) 8.38 10 ) 227.67
HTL319 +0.1 M acetic acid 90 9.2927 * 440 95.15 * 470 1104.45
HTLMix + 0.1 M acetic acid 20 94.967 * * 918.33 * * 1033.30

*: concentration was under the detection limit.

temperature under 200 bar pressure. The total concentration
of “common” elements leached in the final sample, shown in
Figure 9, was approximately 130 ppm in the case of HTLMix,
150 ppm in the case of HTL321, and 250 ppm in the case of
HTL324. In the HTLMix leachate, Ca and Mg were detected
in the highest concentration, constituting 63% and 25% of
the total “common” elements, respectively. In this sample,
Mn, Na, and S were also found at notable concentrations.
In the leachate reacted with HTL321, Ca and Mg were also
the most abundant elements, constituting 63% and 26% of
the total “common” elements leached, respectively. K, Mn,
Ma, and S were also detected in lower but potentially recov-
erable concentrations in this sample. In the leachate reacted
with HTL324, Fe was found in the highest concentration,
constituting 58% of the total “common” elements leached.
Al, Ca, Mg, and Zn were also found in concentrations of
27 ppm, 32 ppm, 23 ppm, and 2 ppm, respectively.

Reaction with the mixture of 0.01 M hydrochloric acid
and 0.003M nitric acid at 100°C under 200bar pressure
resulted in leachate concentrations of approximately
125ppb of the selected “at risk” elements in the case of
HTLMix, 160 ppb in the case of HTL321, and 65 ppb in the
case of HTL324 (Figure 10). In these samples, Co, Mo, Sb,
and Sr were detected, of which Sb had the highest concentra-
tions in all three samples.

HTLMix was also leached using a higher concentration
(0.1 M hydrochloric acid and 0.03 M nitric acid), at 100°C
and 200°C, under 200bar pressure. Figure 11 shows the
concentrations of the “common” elements in each leachate.
The total concentration of “common” elements leached
was approximately 4480 ppm at 100°C (770 hours) and
213,000 ppm at 200°C (530 hours). In the case of reaction
at 100°C, the most abundant element leached was Pb,
which was found at a concentration of 3680 ppm in the
leachate. At 200°C, Si, Fe, and Pb were the most abundant
elements at 211000 ppm, 850 ppm, and 805 ppm concen-
tration, respectively.

Reaction with the 0.13 M mineral acid solution at 100°C
and 200°C temperature under 200 bar pressure resulted in

concentrations of approximately 340 ppb and 8500 ppb of
the selected “at risk” elements in the final samples taken,
respectively. Figure 12 shows the measured Ag, Co, Ga, Mo,
Sb, Sr, V, and W concentrations. In the case of reaction at
100°C, Co, Sr, and Ga were mobilised at concentrations of
160 ppb, 150ppb, and 10ppb, respectively. Reaction at
200°C resulted in the mobilisation of 7100 ppb Sb, 980 ppb
Co, 220 ppb Sr, 180 ppb Mo, 8 ppb Ga, and 8 ppb W.

4.2. Flow-through Measurements. Experiments using the
flow-through reactor described in the methods section were
conducted using deionised (DI) water and 0.1 M acetic acid
on samples HTL315, HTL139, HTL321, HTL322, HTL324,
and HTLMix at 200 and 250°C temperature under 250°bar
pressure. A summary of the actual physical properties during
the flow-through tests is represented by Table 6. Leachate
samples from each reaction were analysed using ICP-MS.
Data about the composition of samples from the flow-
through reaction, on which the following figures are based,
can be found in Tables 7 and 8.

4.2.1. Leaching Tests Using Deionised Water. Flow-through
leaching experiments were carried out using deionised water
on samples HTL321, HTL322, and HTL324 at 200°C. The
concentration of “common” elements leached can be seen
in Figure 13, and the concentration of “at risk” elements
mobilised from solid samples is presented in Figure 14.

The total concentration of the selected “common” ele-
ments in HTL321 is approximately 1000 ppm (of which
380 ppm is Ca and 380 ppm is S); for HTL322, the total lea-
ched is 90 ppm (of which 40 ppm is Ca and 27 ppm is S);
for HTL324, the total is 940 ppm (of which 480 ppm is Ca
and 360 ppm is S). Reaction with deionised water resulted
in a total concentration of 400 ppb of the selected “at risk”
elements in the case of HTL321, 700 ppb in the case of
HTL322, and 520 ppb in the case of HTL324. The highest
concentration element among the “at risk” elements was Sr,
representing 94%, 94%, and 76% of the total amount of “at



Geofluids

14

JIWI] UOND3)9p 9]} Iapun sem uoneruaduod :,

696L ‘ . X 0T9€¥T  ¥S1  8LT'6C N 006Z1T  816°6F  S08% 1 €l 78 0€0'609  6€9 8L9 86  Pppeodnade N 1'0 +XIANTLH
80¢ . . B 86 06T 691V . ¥red 0SvL  TOIPS €1 10¢ . €6LL 12 66¢ S¥9  PPEONDE NT0+6ICTLH
679 ¥ N . SPIIT 9¢¢ 9819 . L66TT  €I€TT TISTI S¥  S¥I . 61L9¢ 9T 8ILT  8pST pPeonade W I'0+SI¢TLH
¥€6 N 000°GLE B 061°CC . 00021 %061 000SLE  000L  0€€‘6T B N N 00€PIET  €ST 906TI N ppeonade W10+ ICCTLH
0L1 . 000°C8T . 66¢S . 000€9 9688  000%C 000°T¥F ST606 . N . 006‘T19T°T 89T 6¢cv . 1L1eMTId + TZ€TLH
8€L°86 X 000°CT X T68°LES X 0000 S¥9  000%F  000%S " . " LLST  00T'8LE  8S61 6Ly . preonade W10+ ¥CeTLH
91 PPIVL 000648 09 61 € 00881 98T 0TO9CT 0818 N 8 8 . 0€8°€8¢ GS1 S01Z 9L 1M + FCETLH
LT 899I 00099¢ 18 [4 99 06¥8 096 0619 07801 N 6 I . 0CILLY L0 68¢C ¥ poeonade N 1°0 + ¢ TLH
89.§ 0vLI 000971 4 800°LT L 0691 99¢ 08ST 06¢T . 91 I 6L 0¥T 1t 0cc LT 4! € 19)em [d + ¢’ LH
1¥70S LETY  000°T€ 11 £901 14 0¢8I 0y 0cre 0cre N C (4 L11 0S9°L¥ 8T¢C i 14 ¢ 1oyem [1d + CCe'TLH
G689 9.5%  000°9€ 6 457t (414 0€sT LLS 06Ty 0¥6¢C N € 4 0¥l 068°CS 8¥¢ 9 1c 1 Iojem I + TCCTLH
ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd ddd  ddd SICIEN
uz N S Q0 qd N BN UN 3N A od np I PO €D ed d \4 Juatar

"uo1oBAI YSNOIY)-MOJ d} WOIJ 3)BYILI] OB UT SJUSWIAD  UOWIIOD, d[} JO UOTIRIJUIIUOY) g HIAV,],



Geofluids

15

HTL321 + DI water

HTL322 + DI water

HTL324 + DI water

F1GURE 13: Elemental composition (in ppm) of each leachate from samples reacted with deionised water at 200°C temperature under 250 bar
pressure in the flow-through reactor after 52 minutes, 48 minutes, and 25 minutes, respectively (absence of data points reflects concentrations

below the limits of detection).

HTL321 + DI water

HTL322 + DI water

HTL324 + DI water

FiGure 14: The amount of “at risk” elements in leachate from samples reacted with deionised water at 200°C temperature under 250 bar
pressure in ppb after 52 minutes, 48 minutes, and 25 minutes, respectively (absence of data points reflects concentrations below the limits

of detection).

risk” elements in the leachates, respectively. Sb and W were
also detected amongst other potentially useful elements.

4.2.2. Leaching Tests Using Acetic Acid as Solvent. Flow-
through leaching experiments were also carried out using
0.1 M acetic acid. Total dissolved solids (TDS) concentrations
in the leachates from these experiments were too high to use
the ICP-MS analysis previously employed; therefore, an
instrument meant for midgrade concentrations, ICP-OES,
was used. This method had a higher detection limits for some
crucial elements; therefore, it was useful only in the determi-
nation of the concentrations of the most abundant elements.
The concentrations of elements in the leachate as a result of
the reaction can be seen in Figure 15.

The total concentrations of “common” elements leached,
shown in Figure 15, correspond to approximately 1060 ppm
in the case of HTLMix, 100 ppm in the case of HTL315,
80 ppm in the case of HTL319, 2150 ppm in the case of
HTL321, 1150 ppm in the case of HTL322, and 1680 ppm
in the case of HTL324. Generally, the most abundant element
in the leachates was Ca, constituting 57%, 36%, 10%, 61%,
33%, and 75% of the total “common” elements in

leachates from experiments using HTLMix, HTL315,
HTL319, HTL321, HTL322, and HTL324, respectively. In
the case of HTLMix and HTL322, enhanced Pb release was
experienced with concentrations of 240 ppm and 540 ppm
in the leachates from these samples, respectively.

Reaction with 0.1 M acetic acid at 250°C temperature
under 250bar pressure resulted in total concentrations of
the selected “at risk” elements of 1030ppb, 230 ppb,
1100 ppb, 1100 ppb, 2840 ppb, and 1530 ppb for leachates
from experiments using HTLMix, HTL315, HTL 319,
HTL321, HTL322, and HTL324, respectively. Figure 16
shows the concentrations of Ag, Co, Ga, Mo, Sb, Sr, V, and
W in these samples.

In HTLMix, Ag was detected at a concentration of
20 ppb. In HTL315, 10 ppb of V was detected together with
Sr and Co. The widest range of elements was mobilised from
HTL319 with leachate concentrations of 440 ppb Sb, 95 ppb
Sr, 90 ppb Ag, and 9 ppb Co; W was also detected in a notable
amount at a concentration of 470ppb. In the cases of
HTL321, HTL322, and HTL324, only Sr was detected in
one of the largest concentrations in the leachates at concen-
trations of 1090 ppb, 2840 ppb, and 1530 ppb, respectively.
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HTLMix + 0.1 M acetic acid

HTL315 + 0.1 M acetic acid

HTL319 + 0.1 M acetic acid

FIGURE 15: Elemental composition of each leachate reacted with 0.1 M acetic acid at 250°C temperature under 250 bar pressure in the flow-
through reactor after 36, 37, 42, 27, 38, and 48 minutes, respectively (absence of data points reflects concentrations below the limits of

detection).

5. Discussion

5.1. Comparison of Different Fluids. The tests in this study
were designed largely to test the efficacy of different leaching
agents. While aggressive fluids, such as mineral acids, clearly
have more potential to dissolve rock and associated minera-
lisation, this is not the only consideration in such a system.
Also, of primary concern are the environmental impact of
the fluids used and the impact on the reservoir and infra-
structure. While a mineral acid may leach larger concentra-
tions of desirable elements, it is also likely to attack bulk
rock, leaching less desirable elements. The latter may require
consideration when it comes to reinjection or disposal or
may cause problems of precipitation in the system (as com-
monly occurs for silica). Likewise, such fluids are likely to
attack borehole and surface infrastructure materials and
have a more environmental impact. More benign fluids,
such as fresh water, mild acids, or organic leachants, are
more likely to be publicly and environmentally acceptable
but have the obvious trade-off of weaker leaching effects
and potential instability at elevated temperatures (particu-
larly in the case of organic leachants). Some investigation
of the relative performance of potential leachants is therefore
required and a comparison between our chosen leachants is
provided below.

For each fluid studied (deionised water, 0.1 M acetic acid,
and with 0.13 M mineral acid), one experiment was chosen

from the batch tests to compare the dissolution properties
of each fluid. Experimental runs which were conducted
under very similar conditions were selected, and results from
these are shown in Figure 17 for “common” elements and in
Figure 18 for “at risk” elements. The figures include data
from HTLMix reacted with deionised water at 200°C under
200bar pressure for 670 hours with 0.1 M acetic acid at
150°C under 200bar pressure for 1000 hours and with
0.13M mineral acid at 200°C under 200bar pressure for
530 hours.

The sum of mobilised “common” elements is approxi-
mately 80 ppm, 300 ppm, and 213,000 ppm in the case of
deionised water, 0.1 M acetic acid, and 0.13 M mineral acid,
respectively. The huge increase in total dissolved elements
is largely due to the previously mentioned large amount of
Si mobilised (approximately 211,000 ppm) in the case of the
mineral acid experiment. This considerable attack on the sil-
icates (largely quartz) present in the system by the more
acidic fluids and such extremely high Si concentration indi-
cates that the solution was highly effective at dissolving the
matrix minerals. Such dissolution, leading to a reduction in
solids volume and the associated increase in porosity, could
expose more surfaces of metal-bearing minerals and also
increase permeability and enhance fluid flow through the
system. However, a higher dissolved load could also cause
more precipitation on cooling. This highlights the duality
of such fluids, enhancing reservoirs through increased
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HTL MIX + 0.1 M acetic acid

HTL 315 + 0.1 M acetic acid

HTL 319 + 0.1 M acetic acid

HTL322 + 0.1 M acetic acid

HTL324 + 0.1 M acetic acid

Ficure 16: The amount of “at risk” elements in leachate samples reacted with 0.1 M acetic acid at 250°C temperature under 250 bar pressure in
ppb after 36, 37, 42, 27, 38, and 48 minutes, respectively (absence of data points reflects concentrations below the limits of detection).

permeability but potentially also leading to issues with
precipitation in surface infrastructure.

Total concentrations of “at risk elements” are approxi-
mately 50 ppb in the case of reaction with deionised water,
830ppb in the case of reaction with acetic acid, and
8500 ppb when mineral acid was used. There is a strong rela-
tion between acidity and the total amount of mobilised ele-
ments. In our study, during batch experiments at higher
temperatures, mineral acid was the best solvent, resulting in
relatively high metal mobilisation and high concentration
of Al and Si, which in practice would mean a higher risk
for scaling. Leaching with acetic acid resulted in moderate
metal concentration and significantly lower Al and Si con-
centrations, suggesting this as a viable leaching option and
a good compromise between useable metal release and scal-
ing risk. Also, it could be more challenging to use mineral
acids as leaching solvent in geothermal systems due to diffi-
culties around transportation, handling, storage, and envi-
ronmental issues. In terms of mobilised “at risk” elements,
acetic acid was more effective than deionised water but less
so than mineral acid (both in terms of dissolved concentra-
tions and the spread of elements leached in detectable
concentrations). Even though it is difficult to quantify the
environmental impact, the additional leaching potential of
mineral acid is unlikely to make use of such an aggressive
fluid, even when used at relatively dilute concentrations as
here, acceptable. The results indicate, however, that even a
relatively mild leachant, such as acetic acid, with which the

public is familiar as an everyday substance, can substantially
increase leaching potential. In this case, a switch from deio-
nised water to acetic acid generates a nearly 20-fold
increase in the dissolved load of the selected “at risk” ele-
ments. Naturally, acetic acid may not be suitable for use
under all circumstances; organic acids have a tendency to
break down at elevated temperatures for example (though
the natural breakdown of an injectant may be seen as desir-
able in the long term), but these results highlight the potential
of using such, relatively simple, fluids to enhance leaching in
an EGS system.

5.1.1. Batch Experiments. A time series of elemental con-
centrations from HTLMix reacted with 0.13 M mineral acid
at 100°C temperature under 200bar pressure in a batch
reactor is shown in Figure 19. Samples shown in the figure
were collected after 70 hours, 290 hours, and 770 hours
of reaction.

The total concentration of the selected elements in the
first sample was approximately 4190 ppm, 4220 ppm in the
second sample, and 4480 ppm in the third sample. The trend
shows a slight, but steady, increase in leachate concentrations
over time for most elements. The notable exception to this
trend is iron, which after an initial increase can be seen to
decrease over the course of the experiment, indicating some
reprecipitation or scavenging of this element. Leaching
efficiency is largest at the beginning of the experiment and
decreases over time in the case of every element.
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Comparing the effect of different fluids in the case of “common” elements
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FiGUrg 17: Comparison of the effectiveness of different fluids for “common” elements with concentrations in ppm.

Comparing the effect of different fluids in the case of “at risk” elements
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FiGgure 18: Comparison of the effectiveness of different fluids for “at risk” elements with concentrations in ppb.

Exceptionally high concentrations of Pb were detected at
concentrations of approximately 3530ppm, 3520 ppm,
and 3680 ppm after 70h, 290h, and 770 h reaction, respec-
tively. Leaching was most rapid in the first 70 hours,
mobilising 3530 ppm Pb, and then decreased radically,
only increasing Pb concentrations by 150 ppm over the
remaining 700 hours of the experiment, as the system
approached equilibrium.

Available surface area for a chemical reaction (and heat
exchange) is crucial for raw material mobilisation, as miner-
alised rock formations dissolve quickly, suggesting that
increasing available surface through stimulation might be
more effective in increasing dissolved load rather than
increasing the path length or residence time in the reservoir
[19]. On a reservoir scale, this would mean that the targeted
metal-rich ore formation is depletable and extraction would
be most efficient early on in an extraction project with
returns likely to decrease relatively rapidly over time [20].
The lifespan of such a metal extraction facility would be
highly dependent on the size and grade of the geological for-
mation but would likely be shorter than the plant life of a

geothermal energy-producing facility without managing the
reservoir in such a way that injected fluid could contact fresh
surfaces regularly, i.e., through redirection of groundwater
flow or through mechanical stimulation of the reservoir,
creating fresh surfaces.

5.1.2. Flow-through Measurements. In addition to fresh sur-
face area, another limiting factor in potential metal extraction
will be the volume of “fresh” fluid that can be passed through
the reservoir. In the batch experiments above, reactions can
be seen slowing dramatically within a few 10s of hours as
equilibrium is approached. Therefore, comparison with
flow-through experiments can be instructive. A time series
of elemental concentrations from one of the flow-through
experiments is shown in Figure 20. Samples shown in the fig-
ure represent concentrations from reactions in the first 36
minutes, 37-84 minutes, and 85-119 minutes.

The total concentration of the shown elements in the first
sample was approximately 110 ppm, 98 ppm in the second
sample, and 65 ppm in the third sample. This trend in leach-
ate concentrations is not element specific; the concentrations
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“Common” element concentration time series

Mn Na Ni Pb Rb S Si Zn Total

F1GURE 19: The kinetics of elemental composition over time in leachates from HTLMix sample reacted with 0.13 M mineral acid at 100°C
temperature under 200 bar pressure in the batch reactor after 70, 290 and 770 hours, respectively.
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Ficure 20: The kinetics of elemental composition over time in leachates from HTL322 sample reacted with deionised water at 200°C
temperature under 250 bar pressure in the flow-through reactor after 36, 84, and 119 minutes, respectively.

of Ca (53 ppm, 47 ppm, and 21 ppm), Mg (4 ppm, 3 ppm, and
1.5ppm), Mn (580 ppb, 420 ppb, and 270 ppb), S (35 ppm,
30 ppm, and 15ppm), and Si (5ppm, 4 ppm, and 1.5 ppm)
amongst others show this trend, too. Even though the con-
centration of total dissolved “common” elements increased
over time, the amount of increase decreased.

The tendency shown by these graphs indicates a rapid
leaching reaction (for the first sample the contact time was

36 minutes). Dissolution of solid material occurs most rap-
idly during earlier times and then continues at lower dissolu-
tion rates. This is a key factor to consider when designing the
circulation rate of an EGS system, which controls the resi-
dence time of the fluid in the reservoir. When combining
metal leaching with the harnessing of geothermal energy,
the rock dissolution processes for metal mobilisation would
have longer contact times than those demonstrated here;
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F1GUure 21: Comparison of rock sample composition to results from the batch and flow-through leaching experiments with deionised water
and acetic acid as solvent. Important to note that the axis is logarithmic and the concentrations of “common” elements are in ppm and the

concentrations of “at risk” elements are in ppb.

TaBLE 9: Concentration of the “at risk” elements in each solid rock sample.

Element Ag Co Ga Mo Sb Sr A w Total ‘at risk’
Sample PPB PPB PPB PPB PPB PPB PPB PPB PPB
HTLMix  45258.83 4169.87 4272.66 223.06 861478.98 16679.67 20292.37 42936.29 995311.73
HTL315 11973.44 24944341 9746.84 780.91 145129.71 15440.17 7738.55 216446.11 656699.15
HTL319 639.66 430.16 1195.83 1533.93 5513.29 9968.94 71891 17678896.30  17698897.02
HTL321 424.80 78783.79 1392.45 700.33 58165.19 15421.11 22437.25 25124.42 202449.34
HTL322  534398.93 4028.59 1282.41 2386.12 2497731.37  1156992.59 291391 9290.47 4209024.39
HTL324 3098.11 48344.41 17976.82  20344.31 694.81 5236.13 258590.19 6466.08 360750.86

therefore, results from this study could be considered as min-
imum thresholds.

In both experimental setups, the solid sample used was
powdered rather than a whole rock. This form of material
might have several high energy sites caused by the sample
preparation, leading to relatively high dissolution rates over
the course of the experiments. This might also be the case
in a geothermal reservoir which has been stimulated. New
fresh surfaces with which the fluid may react, leading to high
initial loads, which will tail off with time. If no stimulation is
being carried out, dissolution may be lower, but steady. The
fresh surface area in a reservoir will be relatively low, but
the contact time will be much longer than that shown here.
Contact time for fluid-rock interactions in case of batch reac-
tions was average 30 days maximum, while flow-through
tests had less than 1 hour contact time (but much more solid
material and hence available surface area). In an operating
EGS plant in Europe, the average travel time of the fluid
was 23 days, depending on the flow path [21, 22]. It will be
important to consider these effects when looking at the whole
life-cycle of a project, possibly resulting in high recovery

initially, tailing off later on, without continued stimulation
or exposure of new surfaces.

5.1.3. Summary. While batch experiments are useful in rap-
idly elucidating relative leaching potentials of various fluids,
the results they produce are often difficult to compare to
“real” systems due to very high fluid-rock ratios and the fact
that they represent a closed system with no input of fresh
fluid. As part of this work, therefore, flow-through experi-
ments were also carried out, allowing a direct comparison
between the two system types. Figure 21 is a summary of
the experiments conducted with deionised water and acetic
acid. It displays the total concentrations of “common” and
“at risk” elements from all initial solid samples and next to
it in each leachate. Data about the composition of solid rock
samples, on which the following figures are based, can be
found in Tables 9 and 10.

The data in Figure 21 has been broken down to Figure 22,
which compares the total concentration of “common” ele-
ments in the final leachates, and Figure 23, which focuses
on the more critical “at risk” elements.
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The total amount of “common” elements in each leachate
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FIGURE 22: Summarising chart of detected “common” elements during each experiment with concentrations in ppm.

As shown in Figure 22, acetic acid has a much better
potential to dissolve “common” elements relative to deio-
nised water. The experiment carried out using HTL322 and
different fluids is a good example for this; acetic acid (mobi-
lising 0.368% of the original content) resulted in an almost 13
times increase in the concentration of “common” elements
over deionised water (mobilising 0.029% of the original con-
tent). Based on these samples, however, flow-through reac-
tions yielded in slightly higher total dissolved element
concentrations than batch reactions, even over relatively
short contact times. This in part was due to a considerably
lower fluid to rock ratio used in the flow-through experi-
ments, which also indicates that the availability of fresh sur-
face area is an important factor in determining leaching
rates. Given the rapidity of reaction in the flow-through
experiments, these results indicate that even in a reservoir
where fresh surface area is more limited than that used here,
reasonably high dissolved loads should be achievable, espe-
cially given the much greater contact times between fluid
and mineral in such systems. The spider plots of these reac-
tions show similar patterns, in terms of leachate elemental
compositions, in both experimental setups.

In some of the flow-through experiments (e.g., flow-
through reaction with 0.1 M acetic acid and HTL321), ele-
ments are observed in the leachates at very elevated
(>1000 ppm) concentrations. Generally, Ca, Fe, Mg, and S
were the most abundant elements in the leachates, all of

which are associated with scale formation. During laboratory
tests, no scaling in the equipment or in the tubing was
observed. Figure 23 shows only the concentration elements
which we have defined as “at risk”.

The trend of mobilisation of “at risk” elements correlates
to that of “common” elements. Acetic acid proved to be far
more effective than deionised water in all cases. One of the
most effective dissolution of “at risk” elements was in the case
of HTL321 reacted with 0.1 M acetic acid, where 0.54% of the
original content could be mobilised. This is 1.5 times more
effective than the best result at “common” elements. Sr, Co,
W, and Mo elements were leached at the highest concentra-
tions, indicating the potential for further investigations due
to the criticality of tungsten and cobalt.

6. Conclusions

Laboratory batch and flow-through leaching tests were run in
the range of 70-250°C under 1-300 bar pressure, conditions
which include the properties of an average geothermal reser-
voir at 3km depth. As a result of the reactions in the labora-
tory, reasonable concentrations of a wide range of elements
could be mobilised. Detected elements were grouped as “com-
mon” and “at risk” elements. Selected “common” elements
have less economic importance and higher occurrence (in
both the solid samples used and the produced leachates),
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The total amount of “at risk” elements in each leachate
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FIGURE 23: Summarising chart of detected “at risk” elements during each experiment with concentrations in ppb.

while our selected “at risk” elements have higher economic
value, and lower supply security.

One of the highest concentrations of “common” elements
occurred in the case of lead, which mobilised at concentra-
tions of up to 870 ppm with acetic acid during the batch reac-
tion and up to 540 ppm in the flow-through reactor. Notable
concentrations of Zn are also present in leachates, which
corroborates the enhanced dissolution progress. In labora-
tory tests, significant Al and Si were also found. Elevated
concentrations of these elements indicate considerable disso-
lution of matrix silicates present in the samples. This could be
desirable in terms of increasing reservoir permeability and
opening flow paths, but if concentrations become too high,
there is an increased risk of precipitation, which could clog
fractures and inhibit fluid flow in a geothermal reservoir,
and risk fouling boreholes or surface infrastructure. In a tech-
nologically optimised geothermal reservoir, where extraction
would target metals but not necessarily in their pure forms
(i.e., could include extraction of metals complexed with some
of the scale-forming elements), therefore as they are removed
from the fluid in a technological material extraction step, the
risk of clogging would decrease in the reservoir and in the
well. In this way, metal extraction would reduce natural scal-
ing and therefore increase efficiency.

The highest concentration of a single element detected
from the “at risk” group was 1070 ppb Co concentration in
batch reactors with acetic acid and 2840 ppb Sr concentration
in a flow-through setup with acetic acid. During all leaching

tests, Sr, Co, W, and Mo were detected with the largest abun-
dance, which is a good motivation towards further experi-
ments as tungsten and cobalt have the highest economic
risk rating for the EU, respectively.

In leaching reactions, even reasonably mild and environ-
mentally acceptable fluids could be utilised to dissolve consid-
erable amounts of silicate material as well as some elements of
interest. Fast reaction rates given the right conditions (high
temperature and pressure with good amount of available sur-
face area) within the geothermal reservoir are promising in
terms of potential to metal recovery. Future work and tech-
nological development is still needed to practically recover
raw materials from geothermal fluids, as the desired concen-
trations for extraction tend to be higher than those achieved
in this study. The results are intended to use for upscaling to
reservoir scale and calculate likely dissolved loads achievable,
given reaction rates and solubility of the various elements
involved. In this study, the first steps were done to ensure
the sustainability of the proposed technology, further investi-
gations, advances in other technologies, and a full life cycle
assessment study need to follow.

Data Availability

The ICP-MS and ICP-OES analysis data used to support the
findings of this study are included within the article and
within the appendices. All other previously reported (micro-
scopic and XRD analyses) data used to support this study are
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available at http://www.chpm2030.eu. These prior studies
(and datasets) are cited at relevant places within the text.
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