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E N G I N E E R I N G

Toward a more sustainable mining future 
with electrokinetic in situ leaching
Evelien Martens1,2, Henning Prommer1,3*, Riccardo Sprocati4, Jing Sun1,3,5, Xianwen Dai6, 
Rich Crane7,  James Jamieson1,3, Pablo Ortega Tong1,3, Massimo Rolle4, Andy Fourie2

Metals are currently almost exclusively extracted from their ore via physical excavation. This energy-intensive 
process dictates that metal mining remains among the foremost CO2 emitters and mine waste is the single largest 
waste form by mass. We propose a new approach, electrokinetic in situ leaching (EK-ISL), and demonstrate its 
applicability for a Cu-bearing sulfidic porphyry ore. In laboratory-scale experiments, Cu recovery was rapid (up to 
57 weight % after 94 days) despite low ore hydraulic conductivity (permeability = 6.1 mD; porosity = 10.6%). Multi-
physics numerical model simulations confirm the feasibility of EK-ISL at the field scale. This new approach to 
mining is therefore poised to spearhead a new paradigm of metal recovery from currently inaccessible ore bodies 
with a markedly reduced environmental footprint.

INTRODUCTION
Industrial-scale metal and metalloid (hereafter metal) mining can 
be traced back several thousand years and marked the beginning of 
the Bronze Age (1). Mining technology has since undergone trans-
formative change, both in terms of our ability to mine at scale and 
autonomously. Throughout this time, one fundamental component 
has remained constant: Mining activities have almost exclusively 
occurred via physical excavation, i.e., the process of physically re-
moving solid ore-bearing minerals from the subsurface. This re-
mains true today; such processes are responsible for more than 
99 weight % (wt %) of all metals extracted from Earth each year (2). 
This requirement to haul ore to the surface dictates that large vol-
umes of overburden must first be excavated, transported, and safely 
disposed. The ore then invariably requires removal of gangue material, 
often representing >99 wt %. The process results in the generation 
of inexorably large quantities of solid waste. Global estimates are of 
the order of 100 Gt per year (3), substantially larger than any other 
anthropogenic waste form and estimated to be several times more 
than the natural riverine transport of sediment to our oceans (4). 
Such metal recovery is also intrinsically energy intensive; the min-
ing industry is among the most important individual contributors 
to the climate emergency (4). It is estimated that in 2018, green-
house gas (GHG) emissions associated with primary mineral and 
metal production amounted to 3.6 × 1012 kg of CO2 (excluding en-
ergy carriers, such as coal and uranium, and mineral aggregates), 
which was equivalent to ~10% of the total annual energy-related 
GHG emissions (5). Within this, copper (Cu) mining and refining 
were among the most intensive GHG emitters with approximately 
6 × 1010 kg of CO2 released (4). The hauling and storage of vast 
quantities of geological material often result in human, ecological, 

and financial catastrophes, for example, the collapse of underground 
mines or tailings dams (6). Major tailings dam failures in the past 
decade include the 2019 Feijão dam disaster (Brazil; Fe ore, 32 mil-
lion to 80 million m3 tailings released; ≥237 deaths) (7), the 2015 
Fundão dam disaster (Fe ore, 32 million to 60 million m3 tailings 
released; ≥19 deaths) (8, 9), the 2019 Cobriza dam failure (Peru; Cu 
ore, 67,488 m3 tailings released over 41,574 m2) (10), and the 2018 
Cadia dam failure (Australia; Au-Cu ore, 1.3 million m3 tailings re-
leased and contained by southern dam) (11).

Cu currently plays a crucial role in our concurrent low-carbon 
energy transition; it is also used in a wide range of products and 
materials across industry and society (12). In recent years, Cu de-
mand has burgeoned and has been predicted to increase by a fur-
ther 275 to 350% by 2050 (13). During the past decade, there has 
been a major decline in the discovery of shallow (e.g., <100 m cover 
depth) Cu ore deposits while the average ore cutoff grade has also 
decreased by ~25% (14). For example, many Cu deposits currently 
deemed “Tier 1”, such as the Pebble East giant copper-gold deposit 
in Alaska (USA) (15) and the deeper ore zones at the Escondida 
porphyry Cu deposit in Chile (16), are buried by hundreds of 
meters of overburden. Under these circumstances, conventional Cu 
mining becomes increasingly challenging because of the necessity 
to remove, process, and store large quantities of waste rock. More-
over, the economic viability of processing such diminishing grade 
material relies on a continual improvement in the efficiency of mining 
technologies and/or the economy of scale, i.e., the use of large infra-
structure to deal with high throughput (17), using more energy, water, 
and land per unit mass of extracted Cu (5). Similar considerations 
also apply for many other commodities. Consequently, the current 
mining paradigm can be considered inherently unsustainable, and 
there is a recognized need for the development of new approaches 
for more sustainable exploitation of known but currently unviable 
metal deposits (18).

Here, we propose a new approach, electrokinetic in situ leaching 
(EK-ISL), which combines two existing technologies: (i) in situ 
leaching (ISL), which comprises the application of a lixiviant to 
selectively dissolve target metal(s) from their ore without removal 
of its host matrix, i.e., without excavation, and (ii) electrokinetics 
(EK), which comprises the application of a targeted electric field to 
control and accelerate transport (via electromigration) of the lixiviant 
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and/or dissolved target metal(s) within the subsurface. EK is a rela-
tively mature technology that has been applied in several fields of 
engineering, including metal recovery from fly ash, wastewater 
sludge, soils, and mine tailings materials (19–22). Its application to 
recover metals from intact hard rock bodies (e.g., primary ore de-
posits), however, is novel. Here, electrodes of opposite polarity are 
placed either within, or surrounding the ore, with cation migration 
directed toward the cathode(s) and anion migration toward the 
anode(s). The lixiviant is introduced via an external source reser-
voir and leached metals are collected from a target reservoir, which 
contains electrode(s) exhibiting opposite charge to the target metal-
bearing ion. This setup (Fig. 1) allows for a precise control over the 
transport of both the lixiviant and the dissolved target metal(s) 
within the ore body.

As solute transport occurs via electromigration, this enables a 
relatively rapid movement of ions through low hydraulic conduc-
tivity media (23), thus circumventing the need for permeability en-
hancement techniques, such as hydraulic fracturing. The dependence 
of electromigration rates on tortuosity instead of the hydraulic con-
ductivity promotes a more uniform delivery of the lixiviant to the 
target metal(s) rather than being limited to specific preferential flow 
paths that might host only a small fraction of the total grade. This is 
a transformative benefit given the tight (typical hydraulic conduc-
tivity < 10−7 m/s) and heterogeneous nature of most ore deposits, 
which currently renders many conventional ISL opportunities 
unviable and environmentally hazardous to exploit.

EK-ISL is applicable for the hypogene zone of Cu porphyry 
deposits where the ore is usually hosted in the deeper zones of the 
porphyries, i.e., below the water table, as Cu sulfide with a typical 
grade of 0.5 to 1.5 wt %. These deposits comprise approximately 
75% of current global copper reserves (24). In addition, it is thermo-
dynamically viable to leach Cu at ambient temperature and pres-
sure using relatively environmentally benign lixiviants, such as 
ferric chloride (FeCl3). Porphyry Cu is typically hosted in fractured 
rocks that are commonly crosscut by quartz veins, with the majority 
of the Cu located along veins or disseminated throughout the sur-
rounding rock mass (25). Under these circumstances, conventional 

ISL is considered unsuitable because of the prevalence of preferen-
tial flow, which would allow only a small proportion of the ore body 
to be accessed by the lixiviant. This limitation was evident, for 
example, in the Casa Grande porphyry “conventional” Cu ISL 
operation in Arizona (USA), where analysis of postleach drill cores 
revealed that a large fraction of the ore body was not exposed to the 
injected lixiviant (26).

RESULTS
Proof of concept of Cu recovery via EK-ISL
Laboratory-scale experiments (Fig. 2A) and process-based numeri-
cal modeling were used to assess the feasibility and scalability of 
EK-ISL for Cu extraction from sulfidic porphyry ore. Initial experi-
ments were conducted using a synthetic Cu ore consisting of a 
homogenized mixture of quartz (80 wt % SiO2, <75 m) and chal-
copyrite (CuFeS2) (29 wt % Cu, <120 m) powder (Tables 1 and 2). 
A 15.0 V direct current (DC) was applied over the length of the 
96-mm-long reservoir hosting the synthetic ore mixture, and 0.5 M 
FeCl3 was used as the lixiviant (Fig. 2, B to D). This resulted in the 
electromigration of Fe3+ (derived from the lixiviant) from the source 
reservoir into the Cu-bearing ore, wherein Cu dissolution occurred. 
Dissolved Cu, predominantly as Cu2+, was then transported into the 
cathodic target reservoir and measured using atomic absorption 
spectroscopy (AAS). Our process-based numerical simulations cap-
ture the experimental observations, which show that Cu recovery 
occurred rapidly within the first 3 to 4 days, followed by a slower 
phase (Fig. 2D). This is typical for Cu leaching operations and can 
be attributed to the passivation of chalcopyrite surfaces with elemental 
sulfur (S0) and/or low-pH stable iron hydroxide phases (e.g., jarosite) 
precipitates (27).

Subsequent experiments comprised the use of an intact sulfidic 
porphyry Cu ore drill core sample [8.6 wt % Cu, determined by 
inductively coupled plasma optical emission spectrometry (ICP-OES) 
following borate fusion] with a diameter and length of 38 and 40 mm, 
respectively. Quantitative x-ray diffraction (QXRD) for subsamples 
identified chalcopyrite (18.2 wt %) and covellite (CuS, 2.6 wt %) 

Fig. 1. Schematic illustration of metal extraction from a subsurface ore body via EK-ISL. (A) 3D isometric view of an industrial-scale EK-ISL operation, including 
potential electrode configuration, above-ground energy source, lixiviant supply and recovery reservoirs, and metal recovery treatment facility. (B) Cross-sectional view of 
the ore interface between an individual anode and cathode. (C) Conceptual illustration of principal hydrogeochemical reactions between the lixiviant and the ore mate-
rial when subjected to EK-driven electromigration.
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Fig. 2. Experimental setup and key results. (A) Illustration of experimental setup for EK-ISL of both synthetic and intact ore samples. CEM and AEM refer to cation and 
anion exchange membrane, respectively. The distance between anode and cathode was 0.57 m (synthetic ore) and 0.48 m (intact ore), respectively. Results of 
the laboratory-scale leaching experiments using (B to D) 0.5 M FeCl3 and synthetic ore (quartz and chalcopyrite powder mixture, containing 9.15 mmol chalcopyrite) and 
(E to G) an intact ore sample composed of 75, 21, and 4 wt % of total Cu content present as chalcopyrite, covellite, and chalcocite, respectively. Symbols represent the 
measured experimental data taken from the target reservoir and the solid lines represent the results of the process-based model. Chalcocite was not considered in the 
model simulations because of its comparably small initial Cu mass fraction.

Table 1. QXRD analysis of the chalcopyrite powder. Cu minerals are highlighted in blue. 

Mineral Ideal formula Content (wt %)

Kaolinite Al2Si2O5(OH)4 1.2

Talc Mg3(Si2O5)2(OH)2 0.5

Jarosite (Na, K, H3O+)(Fe,Al)3(OH)6(SO4)2 0.7

Illite K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2 · (H2O) 0.8

Vermiculite Al10Fe2H80Mg22O124Si22 0.3

Melanterite (Fe, Cu, Zn)SO4 · 7H2O 1.7

Apatite Ca10(PO4)6(OH)2 8.1

Quartz SiO2 1.7

Pyrite FeS2 0.3

Chalcopyrite CuFeS2 84.6
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as the main Cu-bearing minerals, with a minor quantity of chalcoc-
ite (Cu2S) (0.8 wt %) (Table 3 and fig. S1). This correlates to 75, 21, 
and 4 wt % of the total Cu content present as chalcopyrite, covellite, 
and chalcocite, respectively (Tables 3 and 4). Nuclear magnetic reso-
nance (NMR) determined the ore to exhibit a porosity and permea-
bility of 10.6% and 6.1 millidarcys (mD), respectively. A 7.0 V DC 
voltage was applied, which resulted in an estimated potential drop 
of 5.0 V between either end of the core, yielding a maximal voltage 
gradient of 1.75 V/cm, similar to what is typically applied during 
EK-based soil remediation (28–31). On the basis of solution com-
positions determined by AAS and ICP-OES, 57 wt % of Cu was re-
covered from its ore over 94 days (Fig.  2,  E  to  G). Of the totally 
recovered Cu, 80 wt % (equivalent to 4.2 g Cu) was recovered within 
the first 50 days at a relatively constant rate. After this phase, the 
recovery rate of Cu gradually decreased.

QXRD on the postleaching material identified that the amount 
of chalcopyrite had decreased to 7.6 wt % during EK-ISL and that all 
the covellite and chalcocite has been successfully leached (Table 3). 
The recorded electric current decreased over the first 10 days from 
approximately 110 to 10 mA, consistent with temporary secondary 
mineral formation and associated blocking and/or narrowing of pores 
(21, 32). This phase was followed by a period of recovery, which sug-
gests pore widening, most likely due to mineral dissolution (21, 32), 
to a final and relatively stable value of approximately 35 mA.

In addition to the changes in chalcocite/covellite concentrations, 
QXRD indicated that 3.0 wt % pyrite (FeS2) underwent dissolution 
during the EK-ISL process, while S0 was the only newly formed 
mineral (Table 3). Analysis of dissolved elemental concentrations 
within the source and target reservoirs using ICP-OES determined 
the most common species present as those originating from Cu 
minerals (Fe, S, and Cu), indicating that minimal gangue dissolu-
tion had occurred (Table 5). This is also corroborated by zero or 
minor changes between the pre- and postleaching ore material of 
total elemental concentrations of silica and potassium that would 
otherwise indicate dissolution of gangue aluminosilicates (Table 4) 
and the relatively similar pH values in both the source and the target 
reservoir solutions (fig. S2).

Evidence for the feasibility of EK-ISL at the field scale
Multiphysics numerical model simulations were used to upscale the 
experimental results to assess (i) the feasibility of EK-ISL to be used 
for Cu recovery in larger domains and (ii) the likely time scale re-
quired for recovery. A simple dipole EK-ISL configuration (Fig. 3A) 
was applied, which comprised a single cathode and a single anode 
spaced 5 m apart in a two-dimensional (2D) domain with an extent 
of 6 m by 10 m. The physical and hydrogeochemical properties of 
the ore were inferred from our process-based numerical model simu-
lations of the laboratory-scale experiments (see the Supplementary 

Fig. 3. Numerical model setup and key results. (A) Schematic illustration of the EK-ISL design for the field-scale model. (B) Reactive transport simulation results for 
field-scale Cu recovery via EK-ISL assuming a 500 V difference between electrodes, a 5 m spacing between electrodes, and an 11 kg m−3 average Cu concentration within 
the ore. (C) Model simulation results for the cumulative Cu recovery during EK-ISL. (D) Chalcopyrite mass within the defined control domain [black rectangles indicated in (B)].
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Table 3. QXRD analysis of the copper ore offcuts (not affected by EK-ISL treatment) and the ore sample after EK-ISL treatment. *Cu minerals. The 
determined values after EK-ISL have been corrected for the mass loss due to the leaching process. 

Mineral Ideal formula
Mass (wt %)#

Offcuts (untreated) Sample after EK-ISL

K-alunite K(Al, Fe)3+
3(OH)6(SO4)2 3.5 5.1

Siderotil FeSO4.5H2O 1.1 0.5

Na-jarosite Na(Al, Fe)3+
3(OH)6(SO4)2 1.1 0.7

Pyrophyllite H2Al2O12Si4 10.1 4.4

Quartz SiO2 55.3 60.4

Pyrite FeS2 5.5 2.5

Chalcopyrite* CuFeS2 18.2 7.6

Chalcocite* Cu2S 0.8 1.3

Covellite* CuS 2.6 0.0

Molybdenite MoS2 0.3 0.4

Illite K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2 · (H2O) 1.6 1.0

Elemental sulfur S 0.0 1.9

Table 4. Total element concentrations of crushed and milled offcuts (no EK-ISL treatment) and the ore sample after EK-ISL treatment using ICP-OES 
following borate fusion method (lithium borate flux). The mass balance for Cu indicates Cu leached + residual Cu retained in the ore, as determined by total 
acid digestion = 9.26 g; initial Cu mass estimated by QXRD analysis for offcuts of the same drill core sample = 10.85 g. The values determined after EK-ISL have 
been corrected for the mass loss due to the leaching process. 

Sample
Concentration (%)

Al Ca Fe Mg Au Mo Si Cu K S

Sample offcuts 
(untreated)

5.45 0.05 9.48 0.03 0.01 0.07 26.20 8.24 0.72 13.40

Sample after 
EK-ISL

5.12 0.05 4.60 0.01 0.01 0.11 26.20 2.97 0.68 10.28

Table 2. Total element concentrations in the pure copper mineral powder (chalcopyrite) used in the synthetic ore experiments analyzed using ICP-OES 
following borate fusion method (lithium borate flux).  

Element Al Ca Fe Mg Si Cu S K Ni Cr Mn Ti Zn As Ba Co P Na C Cl

% 0.12 3.2 26.8 0.25 1.11 29.1 30.1 0 0.04 0 0 0 0.010 0.005 0 0.021 1.38 0 0.01 0.03

Table 5. ICP-OES data for selected solution samples in the EK-ISL test on the rock sample. T6 = target after 6.9 days, T10 and S10 = target and source after 
20.9 days, T20 and S20 = target and source after 49.1 days. 

Sample
Concentration (mg/liter)

Al Ca Fe Mg Au Mo Si Cu K S TC

T6 8.25 157 1996 5.37 0.385 6.19 1.35 2126 2.04 715 8.08

T10 13.8 90.9 2620 4.91 0.330 14.9 2.08 2748 4.12 507 8.68

T20 3.60 53.0 5127 <0.2 0.369 3.88 1.69 2241 0.675 17.1 5.60

S10 1.44 42.1 21,618 0.380 0.539 <0.2 3.79 191 2.78 405 13.4

S20 8.49 9.57 22,544 <0.2 0.766 0.516 1.16 568 2.37 328 8.28
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Materials for full details). The Cu ore was assumed to contain heter-
ogeneously distributed chalcopyrite with an overall Cu grade of 
0.44 wt %, i.e., within the 0.3 to 0.9 wt % range, which comprises the 
vast majority of currently viable Cu deposits worldwide (33). No 
gangue aluminosilicates were considered in the reaction network as 
in our laboratory experiments, and no evidence for aluminosilicate 
dissolution was found. The model framework that we used for the 
simulations considers the integrated description of ionic transport 
via electromigration, Coulombic interactions between transported 
species, and kinetically controlled geochemical reactions (34).

Figure 3 illustrates the key results of the model simulations, in-
cluding the spatial and temporal evolution of the major reactants 
and both cumulative Cu recovery over the 3-year simulation period 
(Fig. 3C) and the corresponding chalcopyrite mass within a selected 
control domain (Fig. 3D). Induced by aqueous Fe3+ that is trans-
ported via electromigration from the anode to the cathode, leaching 
of chalcopyrite evolves successively from the anode toward the 
cathode (Fig. 3B). The shape of the migrating Fe3+ plume mirrors 
the zone in which chalcopyrite is depleted. The position of the reac-
tion front and its sharpness are the result of chalcopyrite dissolution 
being controlled by the supply of Fe3+ rather than by reaction kinetics 
(Fig. 3B). This Fe3+ mass flux is predominantly controlled by the 
applied electric potential gradient, i.e., the voltage that is applied at 
the anode/cathode pair (see the Supplementary Materials for addi-
tional details). Dissolved Cu2+ is transported by electromigration 
toward the cathode with concentrations highest at the fringe of the 
chalcopyrite-depleted zone, i.e., the reaction front (Fig. 3B). This 
behavior can be attributed to the electrostatic interactions that 
strongly influence the transport of ions and thus exert a key control 
on EK-ISL efficiency (35). The model results show that ~70 wt % of 
the initial grade (Fig. 3J) was recovered over the 3-year simulation 
period (Fig. 3D) at a relatively constant rate.

DISCUSSION
Our experimental and process-based numerical modeling results 
jointly indicate that EK-ISL is an effective and scalable approach for 
Cu recovery from hard rock deposits within a viable time scale. This 
is supported by earlier studies that demonstrate that electromigration 
rates of ionic species through intact crystalline rocks can be several 
orders of magnitude faster than molecular diffusion (36–38). EK-
ISL–driven electromigration of ions is governed by the location of 

cathode and anode arrays, largely independent of the prevailing 
subsurface hydrogeological structure. A high degree of control can 
therefore be exerted over solute migration pathways. Given that 
rock masses in which diffusion is the dominant transport mecha-
nism will be the main target of EK-ISL, this also implies that once 
the mining process is terminated and the electric current is no lon-
ger applied, solute migration rates will be extremely low and the risk 
of offsite migration of any hazardous solutions is markedly reduced. 
This is a notable advantage over conventional ISL, for which flow 
control and offsite migration are often cited as key technical barri-
ers preventing the social license to operate (25).

EK-ISL will likely be best suited for ore bodies located below the 
groundwater table as electromigration rapidly becomes inefficient 
with declining water saturation (23). For Cu mining in porphyry 
deposits, such conditions mostly occur in chalcopyrite– and bornite 
(Cu5FeS4)–dominated ore in the deeper zone and the enriched zone 
just above it, which typically consists of sulfides at higher-sulfidation 
states, such as chalcocite and covellite (CuS) (24). Targeting these 
deeper, anoxic zones is advantageous (for acid-bearing lixiviants) as 
they typically have a much lower abundance of carbonates that would 
otherwise consume such lixiviant acidity before the pH is sufficiently 
lowered to allow the Cu mobilization (39).

Maintaining solubility of the Fe3+-bearing lixiviant is one poten-
tial challenge that will likely need to be considered at field scale. 
Figure S2 shows that establishment of strongly acidic conditions 
(i.e., pH < 2) throughout the treatment zone was maintained. It is 
conceivable, however, that when scaling up the EK-ISL process, hetero-
geneity within the ore deposit, including the presence of localized 
pH buffering gangue minerals, could cause precipitation of the 
lixiviant, which could result in pore clogging and an associated 
decline in Cu recovery rates. Further research in this area is needed 
to confirm under what hydrogeochemical conditions and/or types 
of ore deposit(s) this may occur. The extent of surface passivation of 
Cu-bearing minerals is another area to explore at field scale. This is 
also dependent on the prevailing geochemical conditions (i.e., more 
prevalent at pH > 2) but could potentially be overcome by modify-
ing the EK field (e.g., pulsating or alternating the EK field) to 
provide the necessary activity to cleave such secondary precipitates 
away from the Cu-bearing mineral surfaces.

EK-ISL is also applicable for a broader range of leachable metals 
and deposit types worldwide. Besides leaching of Au, which we pre-
viously demonstrated at the laboratory scale (40), and Cu here, 
EK-ISL is also potentially applicable for a wide range of minerals 
containing silver, zinc, cadmium, lead, manganese, lithium, 
molybdenum, selenium, vanadium, scandium, yttrium, rare earth 
elements, indium, beryllium, chromium, gallium, nickel, and cobalt. 
Furthermore, there is great potential for artisanal, small-scale, and/
or decentralized mining applications because of the ability to 
leach high-grade and small-scale, but currently unconventional, de-
posits (such as narrow vein deposits) largely independent of over- 
and interburden. Given the fact that EK-ISL can enable metal 
recovery with markedly reduced disturbance of the surface environ-
ment, it is also amenable for regions of increased population and/
or infrastructure density, such as Europe, in addition to regions 
that exhibit high ecological sensitivity, cultural, and/or aesthetic 
value. In many mining regions, especially arid environments such 
as Chile and Australia, the majority of the electric power require-
ments can be provided by (decentralized) solar energy or, alterna-
tively, by wind power. EK-ISL therefore bears a tremendous potential 

Fig. 4. Four-centimeter-long copper ore sample (3.8 cm in diameter) before the 
start of the experiment. Source-facing side (left) and target-facing side (right). 
The ore sample was molded in epoxy resin to a thickness of ~1 cm to fit in the ex-
perimental apparatus.
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for us to step beyond the current paradigm of metal extraction from 
the subsurface via physical excavation toward a more environmen-
tally friendly mining future. Humankind is currently in the midst of 
a dual environmental crisis of resource scarcity and waste overload. 
EK-ISL, where applicable, could lead to a more sustainable exploita-
tion of currently unviable metal resources while markedly reducing 
waste generation. Such radical changes are urgently required for us 
to prevent concurrent environmental and human health impacts 
from conventional mining and waste storage practices, while also 
diversifying and upscaling supply chains of a number of metals that 
are urgently required for our transition to a low-carbon economy.

To date, many of the true costs of mining via excavation have 
been barely or inadequately considered. Any forthcoming economic 
evaluation of EK-ISL will need to more holistically take into ac-
count the reduced capital cost, reduced environmental footprint, 
and increased social acceptance, thereby overcoming conventional 
cost calculations that overemphasize rapid extraction of high-grade 
resources and underrepresented environmental values.

MATERIALS AND METHODS
Experiment with synthetic ore
A synthetic ore sample was used to evaluate the principal feasibility 
of EK-ISL for Cu while limiting possible complications from both 
mineral and physical heterogeneity and interactions with gangue 
minerals. A Cu mineral typical to the deeper zones, i.e., chalcopy-
rite, was selected for the “synthetic ore”. The synthetic ore sample 
was prepared by homogenizing finely crushed chalcopyrite speci-
men into (nonreactive) quartz powder (80 wt % SiO2, <75 m).

The chalcopyrite specimen was obtained from Geo Discoveries 
(Australia) and milled to powder (<120 m) before analytical char-
acterization. On the basis of QXRD analysis, the specimen con-
tained 84.6% chalcopyrite, with apatite [Ca10(PO4)6(OH)2] making 
up most of the remaining mass (Table 1). Elemental composition of 
the specimen was determined by borate fusion followed by ICP-OES 
(model: Agilent Technologies 5110 ICP-OES), which showed that Cu 
content in the specimen was 29.1% (Table 2). On the basis of mass 
balance calculation, chalcopyrite accounted for 100% of the Cu.

Acidic ferric chloride, which can induce the oxidative dissolu-
tion of sulfides, was chosen as the lixiviant in this study (41–43). 
FeCl3 (0.5 M, 28 g/liter Fe) in 0.2 M HCl was used for all the exper-
iments. All chemicals used for lixiviant preparation throughout this 
study were of reagent grade or higher purity. The Milli-Q water 
used here had a resistivity of 18.2 megohm cm.

On the basis of a previously published design (40, 44, 45), a 
laboratory-scale EK-ISL apparatus was constructed to carry out 1D 
experiments (Fig. 2A). The apparatus consisted of five reservoirs. 
The middle reservoir contained the ore sample to be leached, with 
the source reservoir, representing an injection well and the target 
reservoir, representing an extraction well on either side of the 
ore-bearing reservoir. The lixiviant was added into the source reser-
voir, and a solution with an initial composition of 0.3 M NaCl in 
0.2 M HCl (corresponding ionic strength of ~0.5 M) was added into 
the target reservoir. The electrodes were housed in the outer two 
electrode reservoirs and connected to a DC power supply. The elec-
trodes used were mixed metal oxide–coated titanium electrodes 
from McCoy Engineering (Osborne Park, Australia). The two outer 
reservoirs contained electrolytic solutions of 100 mM NaCl as 
catholyte and 50 mM Na2SO4 as anolyte. The cathode and anode 

reservoirs were separated from the inner reservoirs by an anion and 
a cation exchange membrane, respectively. Both membranes were 
obtained from Membranes International Inc. (Ringwood, USA). 
Ionic membranes isolated the electrolyte reservoirs from the rest of 
the system, limiting the metal leaching process and transport within 
the three inner reservoirs, while still allowing for electrical flow. 
Under an electric field, the cationic lixiviant components H+ and 
Fe3+ would move from the source reservoir to the target reservoir 
through the ore zone. Leached Cu2+ and other cations would move 
in the same direction. The use of the anion exchange membrane 
prohibited metal cations moving into the cathode reservoir and 
resulted in the accumulation of metal cations within the target res-
ervoir. The application of an electric field results in electrolysis of 
water at the anode and cathode (21). To compensate for the hydrogen 
(H+) and hydroxyl (OH−) ions generated at the anode and cathode, 
respectively, NaOH (4 M) and HCl (4 M) were manually added to 
the respective electrolyte reservoirs periodically.

For this experiment, the middle reservoir was filled with a ho-
mogeneous mixture of 360 g of silica powder and 2 g of chalcopyrite 
powder at 84.6% purity (equivalent Cu concentration of 586 mg), 
saturated with 0.137 liters of 100 mM NaCl. The synthetic ore sam-
ple was held in place by a fabric piece inserted between two plastic 
support structures on each side. The experiments with synthetic ore 
were run at a fixed voltage of 15 V, while the current could freely 
vary unless the system reached a maximum current of 220 mA, in 
which case a switch to a constant current with variable voltage was 
triggered automatically. Because frequent, manual addition of NaOH 
and HCl to the electrolyte reservoirs was required under high cur-
rent setting, the voltage setting was sometimes adjusted from 15 to 
7.5 V. The time and duration of the adjustments were recorded. As 
the driving force for electromigration was halved during the adjust-
ments, the data from the EK-ISL experiments were reported as a 
function of “equivalent time under 15 V/220 mA setting” by assum-
ing linearity, instead of real experimental time. The source and target 
reservoirs were sampled regularly during the experiments and ana-
lyzed for a suite of dissolved elements including Cu and Fe concen-
trations using AAS (model: Agilent Technologies, 200 series AA). 
The pH values within the source and target reservoir were also re-
corded regularly using a calibrated electrode (TPS WP-80 pH meter 
and TPS Double Junction pH electrode).

Experiments with intact ore sample
The intact ore sample originated from a porphyry copper deposit. A 
representative ore sample was selected from the deeper hypogene 
zone of this deposit, which is enriched with sulfides. A 4 cm long, 
3.8-cm–internal diameter cylindrical subsample was drilled and 
used for the EK-ISL experiment (Fig. 4). On the basis of NMR mea-
surement on an offcut of the ore sample, the intact ore sample had 
a porosity of 10.6% and a (low) permeability of 6.1 mD. Offcuts 
were crushed and milled to less than 5 m and analyzed by QXRD 
and borate fusion followed by ICP-OES, respectively, for mineralogy 
and elemental composition. QXRD identified chalcopyrite, covel-
lite, and chalcocite as the Cu-bearing minerals, with the amounts 
being 18.2, 2.6, and 0.8%, respectively (Table 3). On the basis of 
ICP-OES results, total Cu content in the ore was 8.24% (Table 4). 
Therefore, chalcopyrite, covellite, and chalcocite accounted for 75, 
21, and 4% of the total Cu content of the ore, respectively.

Before the experiment, the drilled ore subsample was placed in 
0.1 M NaCl under vacuum for 8 days and at atmospheric pressure 
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for another 17 days to saturate the pores with electrolyte and then 
placed in the middle reservoir of the EK-ISL apparatus (Fig. 2A). 
The EK-ISL experimental procedures for the intact ore were consis-
tent with those applied for the synthetic ore unless mentioned other-
wise. The experiment with the intact ore was operated under a 
constant voltage setting of 7 V, with only occasional short interrup-
tions while the power was turned off, for example, while solutions 
were refreshed. These periods were deducted from the reported 
times. Therefore, the reported times correspond to the time elapsed 
under operation. Note, however, that the difference between the 
overall time and the time under operation is negligible (<24 hours). 
The FeCl3-HCl lixiviant in the source reservoir was refreshed on 
days 21, 35, 49, 63, 77, and 92. On these days and additionally on 
day 7, the NaCl-HCl solution in the target reservoir was renewed to 
prevent precipitation due to accumulation of cations. The total du-
ration of the EK-ISL experiment using the intact ore was 94 days, 
during which the source and target reservoirs were sampled regu-
larly (2 ml) and analyzed for solution composition. The pH values 
and the electric current were regularly recorded using a calibrated 
handheld multimeter (TPS WP-80 pH meter and TPS Double Junction 
pH electrode). Once the experiment was complete, the postleaching 
ore sample was retrieved, crushed, and milled to less than 5 m and 
subsequently analyzed using QXRD and borate fusion followed by 
ICP-OES and scanning electron microscope energy dispersive spec-
troscopy (SEM-EDS).

Process-based numerical model development
Numerical reactive transport models were set up to analyze and 
quantify the electromigration process through the intact ore cou-
pled with the key geochemical processes that affect mineral oxida-
tive dissolution and Cu transport. Reactive transport models of the 
synthetic chalcopyrite and real ore experiments were developed and 
calibrated against the experimental data. The developed model, 
including the reaction network used and reaction rate parameters, 
was subsequently extended to a 2D field-scale model.

In low-permeability porous media and in absence of groundwa-
ter flow, the flux of charged species in saturated conditions is gov-
erned by diffusive and electromigration fluxes as described with the 
Nernst-Planck equation

	​​ J​i​ 
Tot​  = ​ ​− ​nD​ i​​ ∇​c​ i​​ ​​ 

​J​i​ 
Dif​

​  ​ ​​− ​nD​ i​​ ​ 
​z​ i​​ F ─ RT ​ ​c​ i​​∇  


​​ 

​J​i​ 
Mig​

​  ​​	 (1)

where n (−) is the accessible porosity, Di (m2 s−1) is the pore diffu-
sion coefficient calculated as ​​D​ i​​  = ​ D​i​ 

aq​ ​ with ​​D​i​ 
aq​​ (m2 s−1) being the 

aqueous diffusion coefficient and  (−) being the tortuosity, ∇ci 
(mol m−4) is the concentration gradient, zi (−) is the charge of the 
species i, F (C mol−1) is the Faraday constant, R (J mol−1 K−1) is the 
gas constant, T (K) is the temperature, ci (mol m−3) is the molar 
concentration, and ∇ (V m−1) is the electric potential gradient. In 
Eq. 1, ​​J​i​ 

Tot​​ (mol m−2 s−1) indicates the total flux of a species i, which 
is the sum of the diffusive flux ​​J​i​ 

Dif​​ (mol m−2 s−1) and the electro-
migration flux ​​J​i​ 

Mig​​ (mol m−2 s−1).
The governing multicomponent ionic transport equation is de-

rived considering the mass balance

	​​  ∂ (​nc​ i​​) ─ ∂ t  ​ + ∇ · ​J​i​ 
Tot​  = ​ r​ i​​​	 (2)

in which ri (mol m−3 s−1) is the source/sink term. The relation be-
tween charge density of the solution e (C m−3) and electric field is 
described by Poisson’s equation (46)

	​​ ∇​​ 2​   =  − ​ F ─  ​ ​ ∑ 
i=1

​ 
N

 ​​ ​z​ i​​ ​c​ i​​  =  − ​ ​​ e​​ ─  ​​	 (3)

where  (F m−1) is the dielectric constant of the porous medium and 
N is the number of charged species in solution. At the continuum 
scale, the net charge density in the system is zero (47, 48) and Eq. 3 
accounts for the electroneutrality condition ​(​∑ i=1​ N  ​​ ​z​ i​​ ​c​ i​​  =  0)​.

The continuity condition in terms of charge is

	​ F​ ∑ 
i=1

​ 
N

 ​​ ​z​ i​​ ​ 
∂ (​nc​ i​​) ─ ∂ t  ​ + ∇ · (F​ ∑ 

i=1
​ 

N
 ​​ ​z​ i​​ ​J​i​ 

Tot​ ) = F​ ∑ 
i=1

​ 
N

 ​​ ​z​ i​​ ​r​ i​​​	 (4)

The EK transport of dissolved species in porous media can ulti-
mately be described using the set of Eqs. 1 to 4, which constitutes 
the Nernst-Planck-Poisson equations (NPPE), including the re-
spective conservation equations.

The change in concentration of the lixiviant and the dissolved 
metals in the reservoirs are modeled using the reservoir equation, 
which accounts for flushing and refills at specific times

	​​  ∂ ​c​ i​​ ─ ∂ t ​  =  (± ​J​i​ 
Tot​ ) A / V − ​f​ flu​​ ​Q​ flu​​ ​c​ i​​ / V + ​f​ ref​​ ​Q​ ref​​ ​c​ i,ref​​ / V​	 (5)

where A (m2) is the cross-sectional area of the reservoir, V (m3) is 
the reservoir volume, and fflu (−) and fref (−) are stepwise functions 
that regulate the time at which flushing and refill of electrolytes at 
the reservoirs are performed. Qflu (m3 s−1) and Qref (m3 s−1) are the 
flow at which the reservoirs are flushed and refilled during the 
specified times. The positive or negative sign for the total fluxes in 
Eq. 5 indicates fluxes respectively entering or exiting the reser-
voir chamber.

The reaction network used in the simulations primarily consid-
ers the oxidative dissolution of copper sulfide minerals by ferric iron 
(Fe3+). Mineral dissolution reactions for chalcopyrite and covellite 
(CuS) by dissolved Fe3+ are described as (41–43)

	​​ CuFeS​ 2​​ + 4 ​Fe​​ 3+​ → ​Cu​​ 2+​ + 5 ​Fe​​ 2+​ + 2 ​S​​ 0​​	 (6)

	​ 5 ​Cu​ 1.2​​ S + 12 ​Fe​​ 3+​ → 6 ​Cu​​ 2+​ + 12 ​Fe​​ 2+​ + 5 ​S​​ 0​​	 (7)

In this study, we considered only the species that were identified 
to affect the key processes that were proceeding during the experi-
ments, i.e., Na+, Cl−, Fe2+, Fe3+, Cu2+, H+, and OH− (diffusion co-
efficients provided in table S1). The considered solid phases were 
elemental sulfur and the Cu minerals chalcopyrite and covellite. 
The oxidative dissolution reactions were implemented as kinetically 
controlled reactions.

For chalcopyrite, the stoichiometry defined in Eq. 6 was used 
and the reaction rate expression was defined as (49)

	​​ r​ cp​​  = ​ k​ cp​​ ​[​H​​ +​]​​ 0.8​ ​[​Fe​​ 3+​]​​ 
0.42

​ ​e​​ ​(​​​−48,100 _ RT ​​ )​​​ ​k​ pas1​​​	 (8)

where rcp (mol liter−1 s−1) is the dissolution rate for chalcopyrite, kcp 
(mol−0.22 liter0.22 s−1) is the rate constant for chalcopyrite dissolution, 
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R is the gas constant (J mol−1 K−1), and T (K) is the temperature. 
Passivation of chalcopyrite was suggested by the presence of ele-
mental sulfur on the surface of leached chalcopyrite samples and 
the observation that diffusion through a product layer may slow 
down chalcopyrite dissolution (27, 50). This hypothesis was sup-
ported by postleaching SEM images of the ore sample, which indi-
cated that the accumulation of elemental sulfur was associated with 
grains of chalcopyrite (fig. S3). Therefore, a passivation term kpas1 
was added to Eq. 8 to account for sulfur precipitation, which decreases 
chalcopyrite dissolution rates over time

	​​ k​ pas1​​  = ​ e​​ (−​a​ cp​​×[​S​​ 0​])​​	 (9)

where acp (mol−1 liter) is an empirical constant that relates chalco-
pyrite dissolution to the sulfur precipitation.

For natural or primary covellite, we used the stoichiometry in 
Eq. 7 and a reaction rate similar to Eq. 8

	​​ r​ pc​​  = ​ k​ pc​​ × [​Fe​​ 3+​ ] × ​e​​ ​(​​​−8948 _ T  ​​)​​​ × ​k​ pas2​​​	 (10)

where rpc (mol liter−1 s−1) is the dissolution rate for primary covel-
lite and kpc (s−1) is the rate constant for primary covellite dissolu-
tion. A passivation term kpas2 as used in the chalcopyrite rate (Eqs. 8 
and 9) was incorporated to account for the reduced dissolution rate 
of primary covellite during the buildup of S0 [e.g., (51)].

Physical and chemical 2D isotropic heterogeneity were generated 
for the 2D field-scale model simulations, as shown in fig. S4. The 
spatial random field was generated with the Python package GSTools 
(52) using a truncated power law variogram. Values of the output 
raster file were normalized, and the resulting spatial field (x, y) 
ranges from 0 to 1. The dimensions of  have been scaled in order to 
be as wide as the largest dimension of the model domain.

Physical heterogeneity was implemented considering a tortuosi-
ty distribution according to the following expression

	​  = ​ ​ x​​(∣  1 − 0.8  ∣  + 0.1)​	 (11)

where  indicates a spatially variable tortuosity and x is a constant. 
Porosity variations have been related with the tortuosity through 
Archie’s law

	​ F  =  a ​n​​ −m​​	 (12)

with a = 1 and m = 0.85, in which the formation factor F has been 
considered as representative of the (electric) tortuosity (53).

Mineral heterogeneity was implemented considering the follow-
ing expression

	​​ c​ m​​  = ​ c​ x​​ (∣  1 − 0.8   ∣  +  0.1 ) +  ​c​ x​​​	 (13)

where cx is a constant.
The resulting heterogeneous mineral distribution was then in-

serted into COMSOL, with all relevant model dimensions provided 
in table S6.

The reactive transport simulations were performed with the code 
NP-Phreeqc-EK, which couples COMSOL Multiphysics and PhreeqcRM 
(54) through a MATLAB LiveLink interface, as described in detail 
in (34, 35). The NP-Phreeqc-EK code solves the NPPE for conserva-
tive and reactive transport in multidimensional domains.

Modeling of laboratory experiments
Reactive transport models were developed and calibrated using data 
from two of the laboratory-scale EK-ISL experiments: (i) the syn-
thetic chalcopyrite experiment and (ii) the intact copper ore exper-
iment (tables S3 to S7). These initial model simulations provided 
the basis for determining the transport properties and kinetic param-
eters governing the oxidative dissolution reactions of Cu minerals 
contained within the ore (Table 3). Both models were implemented 
as 1D models, in which the length was defined by the length of the 
core sample. The electric potential gradient was applied at the two 
respective boundaries of the domain, and the voltage at the anode 
was assumed to be constant, calculated based on the ideal electric 
potential gradient applied in the experiment (125 V/m) and the 
length of the sample. The reservoirs were also implemented at the 
edges of the domain and the concentration of the species was regu-
lated according to Eq. 5. The models did not include electrolysis 
reactions as the pH at the reservoirs was intermittently buffered. 
The initial concentration of Fe3+ at the reservoirs was considered as 
a fitting parameter, and the lower modeled concentration with 
respect to the experiment takes into account possible precipitation 
effects. For both the chalcopyrite and the ore experiment, the only 
adjustable transport parameter was the tortuosity. In addition, the 
rate coefficients for the dissolution reactions were adjusted during 
the model calibration. A list of all model input parameters is shown 
in Table 4.

Modeling of field-scale electrode pair configuration.
An electrode pair configuration was designed to illustrate the deliv-
ery over time of the lixiviant and the leaching of copper sulfide min-
erals in 2D domain with an extent of 6 m by 10 m (see Fig. 3).

The distance between electrodes was set to 5 m, and the system 
was operated under constant electric potential for a total duration 
of 3 years. An inner domain was considered to evaluate the evolu-
tion of the mineral mass over time, to reduce the influence of stag-
nant zones on the evaluation of the mass fluxes of lixiviant and Cu 
recovery. Further details characterizing the 2D model simulation 
are provided in tables S6 and S7. Boundary conditions at the elec-
trodes were assumed to be constant, as it is envisaged that field 
application of EK-ISL would implement periodic recirculation of 
electrolytes with reservoirs housing the electrodes.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabf9971/DC1
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