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ABSTRACT

In-situ recovery (ISR) has the potential to unlock mining opportunities in deposits that may otherwise be
uneconomical to process by conventional means. Three critical components for the successful implementation
of ISR include: (i) containment and hydrogeological control; the lixiviant must flow within the region of interest
and be retained within this region, for economic and environmental reasons. (ii) Minerals of value must be
exposed and leachable with the lixiviant system having good in-situ chemistry; the chosen lixiviant system
should be capable of dissolving the metal of interest from the host mineral(s), ideally with preferential
dissolution of value minerals over gangue minerals. Environmental impact is an additional important
consideration with regards the lixiviant choice. (iii) Access to value minerals; the economic success of an
operation depends on the extent of valuable metal recovery within a certain timeframe. ISR has been applied
to readily permeable rock because solution flow is possible in these deposit types. Hard-rock environments
pose a greater challenge because of the lack of contact of solution with the value mineral, and furthermore,
aspects such as vein-hosted or disseminated mineralisation need to be considered. It is also preferable that
reaction products do not limit further dissolution, such as by impermeable product layer formation (passivation)
or precipitation, which could block solution flow.

This paper presents current options for access creation and permeability enhancement. The most advanced
approach includes hydraulic fracturing, while blasting presents an attractive technology for creating fractures
in rock. Less traditional access-creation methods and options for enhancing lixiviant/rock contact include
waterless fracturing, high-pressure gas generation, cementitious agents, electric discharge, electrokinetics,
ultrasonics, microwave fracturing, shape-memory alloys, cryogenic fracturing and the use of surfactants.
Permeability enhancement can also be achieved by natural access creation that results from leaching
(although flow reduction may occur by chemical precipitation and/or product layer formation).

Definitions and techniques for measuring porosity and permeability are discussed and options for permeability
enhancement, their status and various merits, and other influencing factors are provided.
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INTRODUCTION

Of the deposits processed to date by in-situ recovery (ISR), most have targeted permeable ore (primarily
uranium and, more recently, copper). ISR has increased in relevance with considerations of environmental,
social, and governance issues and with industry exploring alternative options to conventional processing.
Three criteria are critical for the successful implementation of ISR; namely, (i) sufficient contact of the leach
solution with the value minerals, (ii) suitable reaction chemistry and value metal dissolution, and (iii) solution
containment within a desired region.

Uranium ISR has been practised for over fifty years, but there is recent interest in the application of ISR to
deposits other than permeable uranium deposits. One such example includes ftrials for copper ISR at
Excelsior's Gunnison Copper and Taseko’s Florence Copper projects in the USA [1,2]. Statistical analysis of
drill core of the Florence Copper deposit indicates an average of 11 to 15 open fractures per foot in the
fractured oxide zone coupled with oxidised copper mineralisation along these fractures, which provides
sufficient flow and leachable mineralisation for ISR without the creation of additional access [3]. In contrast,
the sulfide zone beneath the oxidised zone in the Florence Copper deposit contains an average of 6 to 10
closed fractures per foot, and so, is significantly less permeable and amenable to leaching. The application of
ISR to hard-rock deposits remains challenging primarily because of the first criterion mentioned above, namely,
insufficient solution access to the minerals of interest.

Ideal ranges for deposit permeabilities for ISR are of the order of hundreds of millidarcies [4], but hard-rock
samples may have permeabilities in the range of microdarcies. Techniques such as hydraulic fracturing have
been applied in the oil and gas industry to increase access and production. Although such techniques are
transferrable to the ISR field, more closely spaced access creation may be required for the leaching of
disseminated value minerals.

This paper provides background on porosity, permeability, and its measurement; discusses techniques for
access creation and overcoming limited permeability; and provides insight into the outlook for hard-rock ISR.
POROSITY AND PERMEABILITY

Definitions
Porosity and permeability are two important parameters related to fluid flow in an in-situ environment.
Porosity

Porosity (¢) is defined as the ratio of pore space volume (V)) to the total volume (V;) in rock and is expressed
as a dimensionless number between 0 and 1 or as a percentage [5,6]:

b= (1)

vt

Rock porosities vary from rock types with higher porosities, such as sandstones, to rock types with low to zero
porosity in igneous rocks. Table 1 provides typical porosities for various rock types [6]. Values in Table 1 serve
as a guide, and rock porosities of typical rock types vary based on factors such as fracturing and cementing.

Table 1: Typical porosities for various rock types (from [6])

Rock type Porosity, ¢ (%)
Narrowly graded silt, sand, gravel | 30-50

Widely graded silt, sand, gravel 20-35

Clay, clay—silt 35-60
Sandstone 5-30
Limestone, dolomite 0-40

Shale 0-10
Crystalline rock 0-10

Massive granite 0-0.5

Natural fractures in rock may result in the formation of some degree of overall porosity [5]. Even if fractures
comprise only a small component of the total porosity, they may contribute significantly to fluid flow [6].
Intragranular porosity refers to pores within solids and intergranular porosity refers to an interconnected
network of pores between solid mineral grains. Intra- and intergranular pores may be catenary (they
communicate with others by more than one throat passage), cul-de-sac or dead-end (only one throat passage
that connects with another pore), or closed (no communication with other pores) (Figure 1) [7]. Dead-end or



closed pores contribute only marginally or not at all to flow and therefore, the effective porosity (¢¢) is defined
as the porosity that contributes to flow, with V, being the volume of voids that is interconnected and transmits
flow [6]. The effective porosity decreases compared with the actual porosity as the number of dead-end or
closed pores increases.

y N
Catenary pore \__/
Effective porosity
Cul-de-sac pore O:
Total porosity
Ineffective porosity Closed pore O

Figure 1: Schematic description of three basic pore types (after [7])

Permeability

According to Darcy’s Law, the volumetric flow rate of water Q (m3s') that flows between two points is equal
to:

Q=-xT4 2)
where h is the hydraulic head (m), L is the length (m), A is the cross-sectional area A (m2) and « is the hydraulic
conductivity (m s*') [5,8]. The negative sign in Eq. (2) indicates that the head decreases in the direction of flow.
Darcy’s Law is applied in groundwater flow but its application is limited in irregular media or media with large
pores and high flow velocities. Typical values of hydraulic conductivity are provided in Figure 2 for various rock
types, including that of the oxide and sulfide zones in the Florence Copper deposit [3].
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Figure 2: Typical values of hydraulic conductivity, including that of the oxide and sulfide zones in the
Florence Copper deposit (after [8])

The hydraulic conductivity parameter is specific to and is a measure of the ease with which a medium transmits
water. For the flow of other fluids, the intrinsic permeability is used instead. Intrinsic permeability is independent
of fluid properties [8]. The intrinsic permeability describes a rock’s ability to transmit fluids, with permeable
formations, such as sandstones, having large, interconnected pores that transmit fluids easily, and
impermeable formations, such as shales and siltstones, having fine or mixed-size grains with smaller or fewer
interconnected pores [5].

The intrinsic permeability k (m?) is related to the hydraulic conductivity as follows:
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where p is the dynamic viscosity (Pa-s), p is the density of water (kg m-3) and g is the gravitational acceleration
(m s2) [8]. The main factor that determines a medium’s resistance to flow is the cross-sectional area of its
pores, and therefore, it makes sense that k has units of area. The darcy is used as a common unit of intrinsic
permeability in petroleum studies, where one darcy is approximately equal to 10-8 cm? [8].

Water moves with varying velocities and in varying directions through rock. Volume-average descriptors (such
as average velocity) rather than small-scale variations are used in the application of Darcy’s Law, and irregular,
complex reality is represented as a simple, continuous, homogeneous medium [8]. This approach is termed
the continuum or macroscopic approach and becomes valid for a large representative block size in a deposit,
which is termed the representative elementary volume. The representative elementary volume for fractured
rock is larger than for granular media and may be very large or ill-defined if the fractures are widely spaced
with irregular apertures [8].

Measurement
Porosity

Porosity may be measured by a variety of laboratory or field-based techniques. Laboratory techniques for
cores include mercury porosimetry, nuclear magnetic resonance, and computed tomography. In the field,
open-hole geophysical well logs, including neutron, density, and sonic/acoustic logs, and seismic data may
correlate with or be used to calculate porosity [5,9,10].

Permeability

The hydraulic conductivity can be estimated in the laboratory or in field experiments [8].

e Correlations of grain size with hydraulic conductivity have been developed, such as by the Hazen or
Kozeny—Carman empirical equations.

e Laboratory hydraulic conductivity tests usually make use of intact core and permeameters, in which
flow is induced through a saturated sample and Darcy’s law is applied to estimate the hydraulic
conductivity.

¢ In the field, slug, pumping, or tracer tests can be used.

o Ina slug test, a sudden well head change is made (for example by insertion or withdrawal of
a cylinder) and the time taken for the head to return to equilibrium is recorded to provide an
estimate of the average horizontal hydraulic conductivity of a region around the well screen.

o Pumping tests are used to evaluate larger volumes of material than a slug test (and with a
correspondingly increased cost and effort). In pumping tests, changes in the head in the
pumping well or nearby observation wells are monitored as a result of a large volume of water
being pumped into the well.

o The hydraulic conductivity may be estimated from the average linear velocity of a tracer (such
as heated water or a solute) that is pumped subsurface. Tracer movement may be monitored
via wells or by using surface geophysics, such as surface resistivity. Another tracer technique
is the borehole dilution test in which the rate of decreasing tracer concentration is measured
as a proportional indicator of the fluid discharge from the well.

Flow in fractured rock can be analysed by discrete fracture or by treating the network of fractures as a
continuum [8]. The former technique can only be used when the scale of the problem is of the same order of
magnitude as the scale of the fracture spacing. In the continuum approach, the rock mass is assumed to be
equivalent to a porous medium with homogeneous conductivities. To use such an approach, analysis must be
conducted at a scale that is larger than the representative elementary volume (described above).

In massive crystalline rock, porosities are often less than 1% [6]. Figure 3 provides a plot of the permeabilities
and porosities for various global copper—gold porphyry ores and shows that the permeabilities of these
samples are well below the desired order of hundreds of millidarcies for adequate fluid movement [11].
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Figure 3: Plot of permeabilities and porosities for various global copper—-gold porphyry ores [11]

TECHNIQUES FOR ACCESS CREATION AND OVERCOMING LIMITED PERMEABILITY

The main approach for increasing lixiviant/rock contact is by increasing access into rocks. A common approach
to access creation, especially in the oil and gas industry is by hydraulic fracturing. Blasting is another commonly
used option for increasing surface area exposure. Other techniques at various stages of research and
development include waterless fracturing, high-pressure gas generation, cementitious agents, electric
discharge, electrokinetics, ultrasonics and low-frequency vibration, microwave fracturing and shape-memory
alloys. Furthermore, lixiviant access is created naturally as value and gangue minerals are leached, and
surfactants have also been used to improve fluid contact with ore. An overview of these techniques is provided
in subsequent sections.

Hydraulic fracturing

In hydraulic fracturing, high-pressure fluid is injected into a wellbore, and when the fluid pressure exceeds the
lithostatic pressure (mass of the rock above where the pressure is applied) and local rock resistance, a fracture
is created [12]. Hydraulic fractures tend to propagate perpendicular to the minimum horizontal stress in a plane
and may extend for several hundred metres with sufficient pressure exertion [12,13]. Fracturing fluid includes
suspended proppants to prop open the network of fractures that develop. Hydraulic fracturing has been used
extensively in low-permeability rocks, such as tight sandstone, shale, and some coal beds as a well stimulation
technique to increase oil and/or gas flow to wells, and to improve the permeability of geothermal reservoirs.

Hydraulic fluids tend to be water-based and disadvantages of such fluids include water wastage; clay swelling,
which blocks channels; groundwater contamination and expensive sewage treatment [13,15,16]. To address
these problems, waterless fracturing methods have been developed, as described in the subsequent sections.

Waterless fracturing

Foams, which involve water stabilisation with CO2 and N2 have been used to reduce the volume of water
required in hydraulic fracturing (and induce more complex fractures), but they tend to be sensitive to high
temperatures and salinities and have a higher breakdown pressure than water under the same stress
conditions [13,17]. Waterless fracturing, such as the use of oil or gas (gaseous nitrogen (GNz) and carbon
dioxide (COz)) with low viscosities and high diffusivities in downhole conditions, may provide an opportunity to
overcome these problems. The examples of waterless fracturing technologies below have been tested at the
laboratory and field-scale in oil and gas production.

Oil-based fracturing

Oil-based fluids (such as gasoline, kerosene, diesel and crude oil) may be used preferentially in cold regions
where the freezing of water may be problematic [13]. However, such fluids can reduce permeability and may
be expensive and difficult to dispose of. CO2 or N2 may be added to the fracturing fluid to reduce the volume
of oil required and aid with flow, and such fluids are termed “energized”.



Gelled alcohol and liquified petroleum gas fracturing

Alcohol and liquified petroleum gas have shown potential for use as non-aqueous fluids in fracturing [13].
Crosslinked gels, such as gelled methanol, have been used to increase the fluid viscosity, which facilitates
proppant transport.

Gas/pneumatic fracturing

Gas or pneumatic fracturing, for example, with nitrogen or carbon dioxide generally allows for a reduced
breakdown pressure and more complex fracture morphology than water fracturing [18]. Gaseous nitrogen
provides an affordable option as an inert material for injection at pressures that are high enough to fracture
rock, however, the low density and viscosity of nitrogen limit proppant transport [13]. Non-cryogenic CO:2 can
also be used in fracturing, with the CO2 evaporating after treatment and returning to the surface at a controlled
rate as a gas [13].

Cryogenic fracturing

In liquid nitrogen (LN2) fracturing, the temperature change from rock/LNz contact results in a sharp reduction
in temperature, mineral grain shrinkage and deformation, and an increase in fracture density (primary and
secondary cracks that are perpendicular to the primary fractures) [14,16]. Thermal stress is generated by the
temperature gradient and the mismatched deformation of adjacent minerals, and fracturing results when this
thermal stress exceeds the cementing stress [14]. If liquid is present in the pores, LN2 contact freezes the fluid,
which expands and damages the pore structure by exerting compressive stresses [16]. Different rock types
with different water contents respond differently to LNz, with results including a decrease in the number of
pores and their volume, an expansion of microfissures (micropores), an increase in pore scale, and the
generation of macrocracks. For example, Cai et al. [16] found that the number and volume of pores in a dry
sandstone (with large, loosely arranged mineral grains and existing fractures) decreased after LNz contact,
whereas the microfissures expanded and the pore volume increased in dry marble and shale because these
rock types had few initial fractures and small and compactly arranged initial mineral grains that shrank when
exposed to LNz [16]. Saturated samples showed an intensified damage with LNz exposure. Initial field
applications have indicated the viability of the technology, but further work is required to ensure wide uptake
[14].

In cryogenic COz2 fracturing, pre-cooled proppants are mixed with 100% liquid CO2and pumped into wells [15].
Advantages of the use of cryogenic CO: include its low surface tension and ability to flow, which provide it with
a strong mobility and therefore, rock-breaking capacity. Problems related to this technology include the high
friction of liquid COg; its low viscosity, which makes proppant carrying difficult and results in large amounts of
fluid loss; challenging phase control; immature fracturing equipment and underdeveloped computational
methods for operating parameters [15].

Supercritical fluid fracturing

Supercritical CO2 has also been investigated for use in rock breaking [19,20,21]. Supercritical CO2 is a non-
gaseous, non-liquid, non-solid CO: that exists above temperatures of 304 K and pressures above 7.38 MPa,
and has a higher diffusivity, lower viscosity and lower surface tension than liquid CO2 (Figure 4) [19].

Hydrothermal spallation is a drilling technique that makes use of supercritical water (pressure > 22.4 MPa, T
> 647.1 K/374°C), oxygen and fuel (such as methanol) to drill in hard and brittle rock, such as granite [22]. A
high-temperature medium is generated by the reaction between the fuel and oxygen at the rock surface, which
results in the induction of a non-uniform thermal stress because of the difference in temperature in the rock
interior.

Supercritical CO2 has a higher temperature than LNz, and therefore, may induce weaker thermal shock in
rock formations [14].
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Figure 4: Carbon dioxide pressure-temperature phase diagram
Blasting

Mechanical energy, such as is used in comminution, may be 50 times less efficient than chemical energy that
is used, for example, in the form of commercial explosives in blasting, and therefore, blasting serves as a
potential attractive option for access creation [23]. Furthermore, like hydraulic fracturing, blasting is a
mainstream technology in the mining industry. Blasting may be used to complement hydraulic fracturing. The
fracture mechanism in blasting involves the creation of branching from multiple nucleation points and the
development of a branched fracture network. Fractures from blasting occur primarily parallel to the maximum
principal stress, as opposed to hydraulic fracturing that produces single continuous fractures perpendicular to
the borehole [23].

The blasting rate of reaction (microseconds) is faster than that of hydraulic fracturing, with advantages and
disadvantages from this rate. Blasting can be applied in a confined (infinite rock mass) or unconfined
environment (finite rock mass). In the former, all surfaces may transmit explosive-induced stress waves,
without reflections from any surface, and damage is constrained around the blasthole. In the latter case, stress
waves may be reflected rapidly from the unconfined surface (or from layers of different rock types), which
results in greater damage and fracturing and fragmentation over a larger area than in the confined case [23].

The advantage of the increase in damage in unconfined rock has led to the proposal for hybrid mining systems
that allow for a small amount of relief by the removal of a portion of material. For example, Orica has conducted
studies with hydraulic fracturing as a pre-conditioning tool prior to blasting and found that hydraulic fracturing
with proppant allows for increased damage, a reduced stress state in the damage envelope, and can increase
the permeability [23]. Dare-Bryan and Boyce [23] have described the use of the remote ore extraction system
(ROES) to create underground in-mine leach reactors in which horizontal rings of holes are drilled from a
central raise-bored hole. The rings are blasted downwards, and a small amount of material is extracted from
the lower development level to provide relief and produce a silo of fragmented rock, which simulates an
underground in-situ heap leach. Lixiviant percolates through the ore and is collected for pumping to the surface.

High-pressure gas generation

Cardox, Nonex and penetrating cone fracture (PCF) are popular high-pressure gas generators with an
increasingly widespread use in rock-breaking [24]. Fracturing is achieved by ignition of a propellant inside a
tube, which releases high-pressure gas, such as carbon dioxide, water, nitrogen, carbon monoxide and
hydrogen, through fissures and microcracks in rock, and results in breakage in tension (rather than in
compression, as is achieved with explosives). The high-pressure gas generation yields less energy dissipation
on breakage and is used particularly when noise, vibration, and dust release need to be minimised.

Cementitious agents

Cementitious powdery substances that are a combination of Portland cement clinker that is mixed with
gypsum, blast furnace slag, polyhydrate, limehydrate and aluminium hydroxydochloride have been used as
expanding powders to break rock [25,26]. When mixed with water in a confined space, the powders hydrate
(to form, for example, ettringite and calcium oxide) and expand 20% to 30% within 6 to 24 h with an increase
in temperature of up to 150°C. Cracks form when the expansive pressure exceeds the tensile strength of the
rock [26]. Commercial expanding powders include Betonamit, Bristar, Cevamit, Dexpan, Ecobust, Expando,
S-Mite, and Acconex. Compared with hydraulic fracturing, fracturing with cementitious agents could reduce
the quantities of water required, downhole tools, number of fracturing pump trucks, and the total operational



cost [26]. Cementitious agents may be less suitable in saturated environments, where they can be washed
out, and their viscosity increases after mixing, so they may not be able to maintain workability for a prolonged
period. De Silva et al. [27] studied lime hydration and the formation of Ca(OH)2 from CaO as a technique for
fracture stimulation and found, by three-dimensional modelling, that a tenfold increase in fracture density and
denser and controllable fracture network could be achieved compared with conventional hydraulic fracturing.

Electric discharge

Two forms of electric discharge include (i) the placement of electrodes directly on rock, with the generation of
a high-pressure short pulse, a plasma discharge inside the rock, and breakage from expansion of the plasma
channel inside the rock with mineral components of different permittivities and electrical conductivities (termed
electrical/electro-pulse fragmentation) or (ii) generation of an electric arc in a liquid, which induces a
mechanical force (such as a compression shock wave, bubble collapse or pressure wave) that is transmitted
to the rock (electrohydraulic fragmentation) [12,28,29,30].

Electrical and electrohydraulic fragmentation were first studied in the 1950s and 1960s, respectively.
Electrohydraulic fragmentation is achieved by compressional forces from shock waves, whereas electric
fragmentation induces tensional forces from the expanding plasma channel [31]. Rock tensional strength is
4%-15% of its compressional strength, and therefore, the electrical fragmentation technique generates better
breakage for the same amount of power [31]. Electrical fragmentation also allows for a more rapid propagation
of electric pulses than in water [28] and is a form of dynamic loading in which a large amount of energy is
forced into a small volume of material and yields distributed microcracking [12]. Such damage contrasts with
static loading, in which the surface of a crack is proportional to the energy that is transferred to the volume of
material that breaks and localized, large cracks result (such as in hydraulic fracturing).

In electrohydraulic laboratory experiments with electrodes in a borehole filled with water, Chen et al. [29] found
that an increase in electrical energy and number of shock waves increased the permeability of cylindrical
mortar and sandstone samples by at least two orders of magnitude. A threshold energy needs to be exceeded
before damage and an increased permeability result, and this threshold increases with an increase in specimen
confinement stress. The extent of damage is estimated to be in the 2 to 4 m range [12] and the combined use
of electrohydraulic and hydraulic fracturing has been proposed.

In electrical breakage, high voltages are required to reach the electric breakdown strength of rock (e.g., 100—
150 kV/cm for granite) [32] and the voltages must be increased sufficiently rapidly to allow for breakdown
(plasma) channel creation in the rock rather than in the liquid. Energies, plasma channel widths, temperatures
and pressures may reach 100 J/cm, 10-50 um, 10* K and 10° Pa, respectively. The method has been applied
in comminution applications, such as in the SELFRAG instrument [33]. In laboratory tests, Van der Wielen et
al. [34] varied the SELFRAG voltage, electrode gap, pulse rate and number of electrical pulses and found that
the total applied energy (which is controlled by the number of discharges and voltage) is the main variable that
affects product size, an increase in pulse rate improves the probability of discharge, and coarse particles were
more amenable to breakage than fine particles. The acoustic impedance, porosity and quartz content were
also correlated with breakage behaviour. Zuo et al. [35] investigated the effect of specific energy, pulse voltage,
cumulative discharges, feed particle size and ore particle breakage pattern (body breakage or surface
breakage) on the particle breakage behaviour of (i) a copper—gold ore with finely disseminated metalliferous
minerals in veins, (ii) an iron oxide copper—gold (IOCG) ore and (iii) a highly porous hematite ore. They found
that the mass-specific energy was the most significant factor that affected the breakage behaviour.

Electrokinetics

Electrokinetics has been proposed as an option for application in deposits of limited permeability [36,37].
Electrokinetics involves the application of an electric field to induce a controlled migration of lixiviant through
rock. Electrokinetics has been used in soil remediation and for metal recovery from fly ash, wastewater sludge
and tailings [37,38], and research into its novel application for ISR is being conducted [36,37]. Martens et al.
[36,37] confirmed the in-principle feasibility of the use of electrokinetics to leach gold from an unconsolidated
porous media using an iodide/tri-iodide solution and copper from chalcopyrite, covellite and chalcocite in a
sulfidic porphyry ore sample (6.1 mD permeability, 11% porosity) using a ferric/hydrochloric acid solution.
Karami et al. [39] used a standardised laboratory setup to confirm that an increase in applied voltage increased
ion migration and that a reduced synthetic core permeability hindered lixiviant ion migration. Martens et al. [37]
modelled, using a reactive transport simulation, the copper extraction from a theoretical copper deposit (0.4
wt% Cu) and found a ~70 wt% recovery within three years with 5-m-spaced electrodes.

Ultrasonics and low-frequency vibration
Earthquakes and seismic activity have resulted in increased oil production from oilfields, which led to the

principle of seismic stimulation to improve oil recovery [40]. Seismic stimulation has been applied by (i) pulsed
fluid injection from the borehole to generate seismic waves, (ii) usage of a surface-based vibrator (usually a



large weight that impacts the ground periodically), (iii) use of a sonic or ultrasonic generator to transmit vibro-
energy or (iv) chemical or nuclear reaction explosion downhole or at the surface [40]. High-frequency waves
(e.g., 20 kHz) are usually applied in near-wellbore stimulation and low-frequency waves (e.g., 40 Hz) cover a
large region and are used for reservoir-scale simulation.

Ultrasonic and low-frequency vibrations have been tested to improve the leaching efficiency in low-permeability
sandstones [41]. Zhao et al. [41] found that the uranium leaching performance and permeability of low-
permeability sandstone cores (0.05-1.98 mD) improved by up to six times with low-frequency vibration (0.01
Hz to 100 Hz) and was approximately nine times more effective than ultrasound (>20 kHz). Low-frequency
vibration improves fluid permeability by physical vibration and ultrasonics produce cavitation by a
sonochemical reaction. Besides improving the permeability, the vibration can improve the leaching and
reaction rate.

Tests at the Dolmatovo uranium deposit, Russia, were undertaken using a vibration exciter (manufactured by
the Institute of Mining, Siberian Branch of the Russian Academy of Sciences) to establish whether low-
frequency seismic excitation (~8.5—-11.5 Hz, seismic capacity of 30—40 kW, seismic field intensity of 0.8—1 x
10 W/m2, 0.2-0.4 um particle vibro-displacements) could influence the filtration and production capacities
from the uranium-bearing rock formation [42]. Flaky clay in the Dolmatovo deposit is associated with tightly
bound water, which prevents capillary substitution by leaching solutions. As a result, the deposit has a 1-2
m/day filtration factor and a water transmissibility of 10-15 m2/day, compared with commercial deposits in
Kazakhstan of 10-20 m/day. The deposit transmissibility increased by 10% and the solution metal contents
increased by 10%—20% within a week after treatment.

Microwave fracturing

Research into the microwave heating of ore was initiated in 1966 [43]. Microwave energy is a form of
electromagnetic energy that travels as high-frequency waves with wavelengths between 1 mm and 1 m and
frequencies between 0.3 and 300 GHz [43]. When applied to a material, rapid changes in electric and magnetic
components in the material lead to friction and the conversion of electromagnetic to heat energy. Microwave
heating is influenced by water content, power level, microwave frequency, and material characteristics [44].

Microwaves obey the laws of optics and can be transmitted, absorbed, and reflected [45]. Three main groups
of materials include (i) transparent or low-loss materials though which microwaves pass without loss
(microwave-transparent), such as aluminosilicates, micas, carbonates and sulphates), (ii) conductors that
reflect microwaves, without penetration and (iii) absorbing or high-loss materials that absorb microwaves and
dissipate electromagnetic energy as heat (microwave-absorbent) depending on their dielectric loss factor (the
ability of the material to dissipate the stored energy as heat), such as sulfides and metal oxides [43,44,46].
When two or more phases with different dielectric properties exist, selective heating can be obtained in high-
loss phases. Materials with more than one phase with different heating rates allow for the expansion of different
minerals and thermally induced crack generation along grain boundaries (most likely between absorbent and
transparent species), liberation, an increase in surface area and a reduction in ore competency [43,44,47,48].
Temperatures of up to 1000, 980, 700, 700, 650, 510, 400, 380 and 160°C for titanomagnetite, hematite,
bornite, magnetite, galena, molybdenite, chalcopyrite, pyrrhotite and sphalerite were achieved with microwave
heating at 500 W and 2450 MHz for 4 min [49].

Microwave treatments of up to 25 kW with energy inputs of 0.5-10 kWh/t showed that greatest reductions in
strength resulted for materials that contained 2 wt% to 20 wt% microwave-absorbing minerals with a grain size
greater than 500 ym and constrained by hard matrix minerals, such as quartz and feldspar [47]. Microwave
treatment has progressed to pilot-scale (150 tph) and, although no sub-surface implementation has been
attempted for ISR, Li et al. [50] and Ovalles et al. [51] describes the potential for microwave application in
coalbed methane and oil extraction by using wave guides and antennas to achieve microwave irradiation down
boreholes [52].

Shape-memory alloys

Shape-memory alloys (SMAs) can revert from a deformation and generate high stresses in response to thermal
or mechanical stimuli [53]. If the deformed material aims to recover its shape (such as expand to its original
shape) and is placed in a constrained environment, large forces may be generated with the application of heat.
High-force, high-temperature SMAs have been developed for space-related applications (such as on the moon,
Mars and near-Earth asteroids), where controlled, compact, reliable and cost-effective geologic excavation is
required [53]. Various SMAs have been developed, including Fe-, Co(+Ni,Se,GeAl)}- Cu-, Zr-,
FeMnSi(+Co,Ni,Cr)-, CuAINi(+Mn,Ti,B,Zn)-, CuAlAg-, CuAINb-, NiMn(+Al,Ti,Cu,Co,Cr)-,
NiAl(+Fe,B,Cu,Co,Ag,Re)-, TiPt(Pd,Au,Rh)-, NiTiCu-, NiTiHf-, NiTiZr-, NiTi-, NiMnGa-, NiTiPd-, TaRu-, NbRu-
based based alloys [53,54]. Examples of alloys, applied temperatures and their corresponding recovery forces
include: NiTi/90-95°C/566—-800 MPa, NiTiCu/66°C/650 MPa, NiTiHf/> 100°C/> 1.5 GPa.



Surfactant use

Surfactant addition has been shown to enhance fluid contact with ore by a decrease in liquid surface tension
or viscosity, which allows for (i) a better wetting behaviour and stronger spreading ability, (ii) a reduced liquid
film thickness and increased mass transfer rate and (iii) greater adsorption into fissures in the ore surface
[55,57]. Anionic, cationic and nonionic surfactants may allow for a change in electrical properties of the ore
surface, which may also enhance leaching [55]. Surfactants that have been investigated in experimental
studies include sodium dodecyl sulfate, dodecyl trimethyl ammonium chloride/bromide, tetradecyl trimethyl
ammonium chloride, cetyltrimethyl ammonium chloride/bromide, stearyltrimethyl ammonium chloride, dodecyl
dimethyl benzyl ammonium chloride, polyoxyethylene octylphenol ether and polyoxyethylene octyl phenyl
ether [16,55,56]. For example, in column leaching experiments to simulate heap leaching of a copper ore, Ali
et al. [55] found that sodium dodecyl sulfate reduced the surface tension of a 20 g/L sulfuric acid lixiviant by
more than 50%, doubled the permeability coefficient relative to the control and increased the copper extraction
by 8%. In a study on the in-situ leaching of low permeability sandstone ores, Tan et al. [57] found that uranium
leaching from columns using 10 g/L sulfuric acid and polyoxyethylene octyl phenyl ether and perfluoroalkyl
sulfuryl fluoride surfactants (10 mg/L) resulted in an increased permeability coefficient of 42%—87% and an
increase in uranium extraction by 58%. Du et al. [58] found that the surface tension decreased by up to 13%
and the uranium extraction increased by up to 19% when 1 mg/L anionic surfactant polyoxyethylene ether
heptamethyltrisiloxane was used in a Na2COs/NaHCOs leach.

Chemical dissolution

During leaching, the ore porosity and permeability change because of mineral dissolution and/or precipitation.
Zeng et al. [59] used nuclear magnetic resonance to study the effect on permeability of the acid leaching of
uranium-hosted sandstone and found that the permeability increased because of mineral dissolution. However,
physical sedimentation (fine particle migration and blockage of permeable passages) and chemical
sedimentation (from precipitation of poorly soluble substances such as CaSOs and MgSOQO4) decrease
permeability [55], and Zeng et al. [59] also found that the permeability of samples in their studies decreased
with precipitate formation. Gypsum formed at a lower pH and with an increased acid consumption and
subsequent increase in pH, iron (pH 2.5-3.5) and aluminium (pH 3—4) hydroxide precipitates formed, which
reduced the pore connectivity and seepage rate. Flow through the media resulted in the blockage of pores by
small particles (such as from clay minerals).

Gypsum and jarosite precipitation was found to reduce the flow rate at the Cyprus Casa Grande ISR operation
(Colorado, USA) [60]. Precipitate formed in 10%—90% of the deposit with a decrease of 0.2 mD to 0.11 mD
per 100 mL injected lixiviant and 25 cm? total precipitate formed per gram of copper recovered.

In anoxic acid leaching of coarse-grained bornite/chalcocite samples, Hidalgo et al. [61] describe that mineral
phase transformations and replacements resulted in an increased porosity. In high-temperature chalcopyrite
leaching in acidified solution with oxidant, chalcopyrite cuboids of ~4 mm x 4 mm x 4 mm underwent a volume
reduction of 10.3% with a 95.6% increase in surface area and an increased porosity [62]. The copper-
containing cubes showed a replacement of the initial solid by copper-enriched secondary sulfides and sulfur
as a final product along access zones, and the number of fractures and their size increased after the reaction.
It was also found that akaganeite precipitated in chloride systems and jarosite and gypsum formed in sulfate
systems in the second stage of a five-stage acidified re-contact leach of copper sulfide ores with oxidant [63].
In this same study, which aimed to simulate what may occur in an ISR environment, ‘rugosity’ was used as an
indicator of the development of particle porosity. Rugosity is the ratio between the intrinsic area (including the
cracks and/or pores) and the characteristic area (the spherical particle surface that is projected as a plane),
with a higher ratio indicating a higher porosity of presence of surface irregularities [63]. The rugosity increased
after the five leaching stages. In a study of the sulfuric-acid leaching of individual particles from a vanadium—
titanium deposit, leaching was found to occur by a shrinking-core mechanism or by access via cracks or grain
boundaries [64].

CONCLUSIONS AND OUTLOOK FOR ISR

The deposit porosity and permeability may provide an indication of the potential for fluid movement in ISR
operations, but it is the latter property that is most important in terms of lixiviant access and contact with
leachable mineralisation. Slug tests, pumping tests and tracer tests may be used in the field to estimate the
potential for fluid flow. Deposits with low permeabilities (below the order of hundreds of millidarcies) may
require the creation of additional access for lixiviant/rock contact.

Hydraulic fracturing and blasting are the most developed access-creation technologies for immediate
application to ISR. Besides these two techniques, several additional access-creation techniques, including
waterless fracturing, high-pressure gas generation, cementitious agents, electric discharge, electrokinetics,



ultrasonics, microwave fracturing, and shape-memory alloys have been investigated at the laboratory scale.
However, these techniques are not sufficiently mature for application in the field, and they require additional
research and scale-up to field trials. Chemical dissolution and the use of surfactants provide an additional
means for permeability creation and enhanced mass transfer or solution contact with mineral surfaces,
respectively.

The further progressing and development of the technologies described in this paper has the potential for
solving one the greatest challenges in ISR, namely access to value minerals, and unlocking the option for
hard-rock processing.
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