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ABSTRACT 
Many metals of economic value are commonly recovered from low grade 

ores through heap leaching at mine sites. The recovery of metals in heaps is 

often limited for multiple reasons including mineral overgrowth of targeted 

minerals resulting in suboptimal mineral dissolution rates. Chalcopyrite is a 

major copper iron sulfide mineral found in copper sulfide ores and its 

dissolution is controlled by multiple dissolution reaction mechanisms and 

potential mineral overgrowth. Traditional continuum scale reactive-

transport models, including those applied to simulate heap leaching, do not 

account for local, mineral surface-controlled processes which may have 

implications for large-systems such as copper recovery in heaps. A new finite 

element, multicomponent reactive-transport model was developed and 

enabled the simulation of concurrent reactions at the discrete chalcopyrite 

surface and its surrounding gangue mineral and the fluid phase. The model 

predicts the rate of chalcopyrite dissolution controlled by different reaction 

mechanisms (proton- and ferric-iron promoted) as well as the rate of 

secondary mineral formation (jarosite) at the mineral surface. The latter may 

increasingly inhibit copper mobilization over time through surface 

passivation. The onset and growth of the surface passivation layer is largely 

controlled by the surrounding fluid composition and ion transport through 

the gangue mineral. The reduction in porosity of the surface passivation layer 

leads to the breakdown of ionic transport to the chalcopyrite surface and 

associated copper mobilization. Maximum copper recovery is achieved by 

high ferric iron concentrations and low pH and by preventing the formation 

of a passivation layer by keeping the sulfate concentration low.  
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1. INTRODUCTION 
As the world transitions to a low CO2 emission economy, the demand for copper has surged to an 
all-time high level because copper is the most widely used metal in renewable energy technologies 
including batteries and electric vehicles. The global copper demand is predicted to gradually 
increase by up to a factor of three by 2050 (10). With increasing copper production, the quality of 
the copper ore, also referred to as the ore grade, declines (17, 28). Consequently, improving 
copper recovery from low-grade ore will become increasingly important. Ensuring a sufficient 
supply of copper is a key concern for the energy transition, as demand is projected to exceed 
available resources in the second half of this century (36). These predictions highlight the need to 
increase copper recycling and enhance recovery from low-grade ore. 

One process limiting copper recovery from low-grade ore is mineral overgrowth on the surface of 
the copper-containing mineral, which is often the mineral chalcopyrite (13). The mineral 
overgrowth is also referred to as passivation or coupled dissolution and reprecipitation (CDR). The 
widespread occurrence and significance of CDR across a wide range of geological systems, along 
with its thermodynamic and kinetic constraints, were established in landmark studies by Putnis 
(31, 32). As explained by Ruiz-Agudo and colleagues (35): “the dissolution of a mineral by an aqueous 
solution results in an interfacial fluid film that may become supersaturated with respect to a new 
mineral phase, and that this phase may nucleate within this interfacial region. The common observation 
in both nature and experiment that one solid phase can be replaced by another via coupled dissolution–
precipitation suggests that this is a universal mechanism of re-equilibration during fluid–mineral 
interaction.” A large diversity and complexity of mineral textures (grain size and shape, porosity, 
thickness of secondary layer) at mineral boundaries was related to the diversity of mechanisms 
responsible for CDR (1). While observational data from natural rocks are abundant (see (1)) and 
some experimental studies (e.g., (14, 21)) have been published on CDR, numeric models 
simulating concurrent dissolution and reprecipitation reactions at mineral surfaces have only 
been developed in recent years (8, 12, 43). 

Heap leaching is a key technology that is used to recover metals from low grade ores. A heap is a 
large pile of poorly sorted low-grade ore in which a reagent, referred to as a lixiviant, continuously 
infiltrates and leaches target metals from the rocks. The metal-enriched fluid is collected at the 
base of the heap. A heap is spatially complex and dynamic in time in terms of the thermal, 
hydrodynamic and mechanical conditions and the chemical reactions. This makes numerical 
modeling of such systems challenging, even though heap leaching has been studied 
mathematically over the past 20 years (4, 7, 23, 24, 27). HEAPSIM is one of the most comprehensive 
heap models used extensively to simulate a variety of processes in different ores (4, 9). In copper 
recovery via heap leaching, chalcopyrite (CuFeS2) is the primary target mineral, and an acid 
lixiviant—typically with a pH of 1 to 2 and enriched in ferric iron (Fe3+)—is used. Oxygen is injected 
into the heap to keep most of it oxygenated. Proton-promoted and ferric iron promoted 
dissolution of chalcopyrite are the principal reaction mechanisms for the mobilization of copper 
(18, 20). The rate of chalcopyrite dissolution is often slow, which is typically due to mineral 
overgrowth of the chalcopyrite surface (19, 25). Secondary minerals in the form of jarosite 
(KFe3(SO4)2(OH)6), covellite (CuS), and hematite (Fe2O3) are potential secondary minerals which can 
form at the chalcopyrite surface. 

By combining COMSOL and PhreeqC (29), we obtain iCP, which is a user-friendly reactive transport 
model that was used to model the coupling of transport and reactions in copper heaps to 
overcome the lack of specific mineral-water reactions in previous models (38). More recently, iCP 
was used for reactive-transport modeling at pore scale where, for example, reaction rates are 
predicted at discrete mineral boundaries (16).  

Complementary to the existing models simulating coupled dissolution and precipitation at 
mineral surfaces and processes in heap systems at continuum scale, iCP was used in this study to 
develop a multi-component reactive transport model combining continuum and discrete 
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modeling techniques in order to simulate transport and reactions at the surface of a single grain 
composed of chalcopyrite surrounded by gangue mineral and lixiviant. The model allows the 
implementation of kinetically controlled dissolution and precipitation reactions at reactive mineral 
surfaces. A series of simulations with variable parameters (pH, dissolved Fe3+ and oxygen 
concentrations, flow velocity, volume ratio of chalcopyrite-to-gangue mineral) were run to 
investigate CDR processes at the surface of chalcopyrite and their consequences for copper 
recovery. 

2. MATERIALS AND METHODS 

2.1. Conceptual model  
A 2-dimensional (2D) model was developed to simulate dissolution reactions at the surface of 
chalcopyrite, secondary mineral precipitation within a thin layer surrounding the chalcopyrite and 
a number of reactions in the gangue mineral with microporosity outside of the precipitation layer 
and in the free fluid. The model combines continuum scale concepts, in which averaged properties 
such as porosity and permeability are used, with discrete modeling approaches, in which phases 
are spatially separated, for example in pore networks where fluid-filled pores are spatially 
separate from grains. The modeling approach is similar to that of Mollins and colleagues (26) and 
Soulaine (40 and references therein). The model development and its implementation in iCP is an 
extension of an earlier study by the authors (16) which modelled mineral surface reaction rates 
and dynamic changes to the grain shape and were validated against experimental results. 

At the center of the model is a 2D circular, solid phase chalcopyrite grain (Γchalcopyrite) where no 
fluid or ionic transport is allowed (Fig. 1). The boundary of the solid chalcopyrite grain is explicitly 
defined (γchalcopyrite), and chemical reactions are allowed to take place at this boundary. The solid 
chalcopyrite domain is completely enclosed by a thin layer where jarosite can precipitate (Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒). 
Adjacent to the thin precipitation layer is a layer of gangue mineral in the form of quartz (Γquartz). 
Figure 1 shows the chalcopyrite and gangue mineral grains with a diameter of 0.2 and 0.4 cm, 
respectively, resulting in a grain ratio of 1:2. The jarosite precipitation layer and the gangue 
mineral layer are treated as a porous media, where a porosity and permeability are defined and 
govern fluid flow and transport. The outer free fluid domain (Γpores) surrounds the gangue mineral 
layer. The free fluid enters from the inlet (γinlet) and exits the model from the outlet (γoutlet) 
boundary. 

 

Figure 1: Model setup and refined mesh used in the numerical simulations. The red circle represents 
the discrete reactive mineral surface. 
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2.2. Model set-up 
The solid chalcopyrite grain (Γchalcopyrite) has a radius of 1 mm. The thin porous layer surrounding 
the solid chalcopyrite grain (Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒) has a thickness of 0.1 mm and consists of 480 grid cells of 
equal size. In case of a chalcopyrite-to-gangue mineral grain ratio of 1:2 (Fig. 1), the thickness of 
the porous gangue mineral layer (Γquartz) is 1 mm and the quartz surface area is 22.64 m2 Kg-1 (see 
Eq. S10 in the Supplementary Material, available online). The gangue mineral layer consists of 
1654 grid cells, which increase exponentially in size from the inside out. For the porous media 
(Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒 , Γquartz) the permeability was defined as 1𝑒−13 𝑚2 and the porosity as 0.1.   

A fluid flow equation is used which connects the free flow domain to the porous media. To achieve 
this, the Brinkman equation for the porous media part and the Navier Stokes equation for the free 
flow part are used (27). The same fields, velocity 𝒖 (m s−1) and pressure 𝑝 (Pa) were solved in the 
free flow domain (Γpores) and the porous domain (Γquartz + Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒). This enforces a continuity 
between the fluid velocity in the free flow and the Darcy velocity in the porous domain. Details of 
the Navier-Stokes equation and the Brinkman equation are given in Section 1 in the 
Supplementary Material (available online). 

Once the velocity and the pressure fields for the free and porous media domains are resolved, the 
transport and reaction of species can be solved using the standard advection-diffusion-reaction 
equation for each of the components in the aqueous phase (3). Details of the advection-diffusion-
reaction equation are given in Section 2 of the Supplementary Material (available online).  

The boundary conditions at the inlet and outlet were defined as follows: the left and the right 
boundaries (Fig. 1) were assigned no-flow conditions, the inflow velocity was set to 1.25e−6 m s−1, 
and the outlet pressure to 101325 Pa.  

For the jarosite domain, Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒 , the change in porosity due to the precipitation of jarosite alters 
the diffusive flux, which is calculated as (Eq. 1; 37): 

𝜕𝑐𝑖

𝜕𝑡
= −∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ 𝛻 ∙ (𝛻𝐷𝑒𝑓𝑓𝑐𝑖)|
𝛤𝐽𝑎𝑟𝑜𝑠𝑖𝑡𝑒

 (1) 

with ∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′  being the porosity in the jarosite domain, Deff is the effective diffusion coefficient and 
𝛻𝑐𝑖 is the concentration gradient. 

The effective diffusion coefficient is calculated as 𝐷𝑒𝑓𝑓 =
𝐷𝐷𝑖𝑓𝑓

𝜃2 , where 𝐷𝐷𝑖𝑓𝑓 is the diffusion 

coefficient in water (1𝑒−9 𝑚2 𝑠−1) and tortuosity, 𝜃 is calculated as 𝜃 = 1 − ln (∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ )
2

. 

For calculating the dynamic changes in porosity in the jarosite domain (∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ ), the moles of 
jarosite precipitated (𝑚𝑜𝑙𝑒𝑗𝑎𝑟𝑜) is calculated for each time step. The volume of the precipitated 
jarosite (𝑉𝑜𝑙𝑗𝑎𝑟𝑜) is calculated as (Eq. 2): 

𝑉𝑜𝑙𝑗𝑎𝑟𝑜 =
𝑀𝑗𝑎𝑟𝑜

𝜌𝐽𝑎𝑟𝑜

 (2) 

Here 𝜌𝐽𝑎𝑟𝑜 = 3.9(g cm−3 ), 𝑀𝑗𝑎𝑟𝑜 is the mass of jarosite and is calculated as (Eq. 3): 

𝑀𝑗𝑎𝑟𝑜 = 𝑊𝑗𝑎𝑟𝑜 ∗  𝑚𝑜𝑙𝑒𝑗𝑎𝑟𝑜 (3) 

Here, molecular weight of jarosite 𝑊𝑗𝑎𝑟𝑜 = 500.8(g 𝑚𝑜𝑙−1) and 𝑚𝑜𝑙𝑒𝑗𝑎𝑟𝑜 is the amount of jarosite moles 

precipitating calculated from the model. 

Next, the new porosity ∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′  is calculated as (Eq. 4): 

∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ =
(𝑉𝑜𝑙Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

− 𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙)

𝑉𝑜𝑙Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

 
(4) 
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https://doi.org/10.69631/q237yd92
https://doi.org/10.69631/q237yd92
https://doi.org/10.69631/q237yd92


Haese, Jyoti  Page 5 of 17 

 

InterPore Journal, Vol. 3, Issue 2, 2026  https://doi.org/10.69631/q237yd92  

Here 𝑉𝑜𝑙Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒
  is the volume of the jarosite domain, 𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙  is the total volume of the solid 

phase in the jarosite domain which is calculated as (Eq. 5): 

𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙 = 𝑉𝑜𝑙Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒
∗ (1 −  ∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ ) + 𝑉𝑜𝑙𝑗𝑎𝑟𝑜 (5) 

The calculated new porosity (∅Γ𝑗𝑎𝑟𝑜𝑠𝑖𝑡𝑒

′ ) from Equation 4 is used in the diffusive flux equation (Eq. 
1) to calculate the change in concentrations of the aqueous species due to the altered porosity at 
each time step. Note, chemical reactions are written and referred to as equations. 

Two reaction mechanisms lead to the dissolution of chalcopyrite at its surface, (γchalcopyrite), (18):  

1) The proton-promoted reaction (Eq. 6): 

CuFeS2(s) + 4H(aq)
+ = Cu(aq)

2+ + Fe(aq)
2+ + 2H2S (6) 

2) The Fe3+- promoted dissolution (Eq. 7): 

CuFeS2(s) + 16Fe(aq)
3+ + 8H2O(aq) = Cu(aq)

2+ + 17Fe(aq)
2+ + 16H(aq)

+ + 2SO4(aq)
−2  (7) 

Rates of the two reactions are calculated as a function of the proton (H+) and Fe3+ activities; details 
of the rate equations are given in Section 3 in the Supplementary Material (available online).  

Reactions at the mineral surface can be explicitly defined without the need to define the mineral 
reactive surface area as an input to the model (16). Instead, the mineral surface area is calculated 
by integrating the local surface area of each boundary cell over the actual reactive boundary. The 
rate is integrated on the reactive boundary (γchalcopyrite) and a molar flux of the aqueous phase, 
𝐽𝑖 =  ∫

𝑆chalcopyrite
𝑅́𝑎. 𝑑𝑆 (mol s−1), is computed for each species i, 𝑅́𝑎 is the reactions rate of the 

chalcopyrite using Equation S7 and Equation S8, which can be found in the Supplementary 
Material in Section 3 (available online), 𝑆chalcopyrite is the surface area of the mineral grain which 
is directly calculated from the model. This flux controls the molar mass of the species in or out of 
the aqueous phase due to surface reactions and is calculated in COMSOL. A constant equilibrium 
phase of atmospheric oxygen pressure is imposed on the system except for simulations 11 and 
12 (Table 1). 

There are kinetically-controlled reactions taking place in the two porous media domains, the 
chalcopyrite precipitation domain, Γchalcopyrite , and the quartz domain, Γquartz, (Fig. 1). The 
dissolution of quartz, SiO2(s) + 2H2O = H4SiO4, within the quartz domain is calculated as a function 
of the state of saturation according to Marty et al. (22). Details of the rate equation for quartz 
dissolution are given in the Supplementary Material in Section 3 (available online). 

The precipitation of jarosite within the jarosite precipitation domain, Γchalcopyrite, is defined as show 
in Equation 8,  

𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6 + 6𝐻+ = 3𝐹𝑒3+ + 6𝐻2𝑂 + 𝐾+ + 2𝑆𝑂4
2− (8) 

and is thermodynamically controlled with a log 𝑘 =  −9.21. The mass of precipitated jarosite (𝑀𝑗𝑎𝑟𝑜) 
(Eq. 3) is calculated at each time step in PhreeqC and transferred to COMSOL for determining its 
effect on the porosity. 

The following two oxidation reactions are implemented in the free fluid domain, Γpores: 

The oxidation of ferrous iron (Fe2+) with oxygen (O2) is defined as (Eq. 9): 

4Fe(aq)
2+ + O2(aq) + 4H(aq)

+ = 4Fe(aq)
3+ + 2H2O (9) 

The rate of the reaction is a function of the pH and the O2 and Fe2+ concentrations according to 
(39) and is detailed in the Supplementary Material in Section 3 (available online). 

The oxidation of sulfide (H2S) with O2 is defined as (Eq. 10): 

https://doi.org/10.69631/q237yd92
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𝐻2𝑆 + 2𝑂2 = 𝑆𝑂4
2− + 2𝐻+ (10) 

And the respective rate equation is given in the Supplementary Material in Section 3 (available 
online). 

All of the reaction rates are calculated for each time step and used in the standard advection-
diffusion-reaction equation (Eq. S5, Supplementary Material, available online).  

In order to account for all aqueous species in solution, primary aqueous species were defined and 
their relationship with other aqueous species in the solution was calculated by their equilibrium 
constants, Keq. The model uses the PhreeqC database phreeqc.dat which comprises all log Keq data 
to calculate the aqueous speciation (see also the Supplementary Material, Section 3, Table S2, 
available online). 

The above-described model conditions were implemented as a pore-scale model with a discrete 
reactive mineral surface in iCP (16). 

2.3. Set of simulations and their aims 
A set of simulations with variable input parameters were run in this study to better understand 
the importance of variable processes and conditions controlling CDR and copper recovery. Table 
1 lists the simulation number and the parameters used. Simulations 1-6 study the effect of pH and 
𝐹𝑒3+ by varying their concentrations. Simulations 7 and 8 study the effect of 𝑆𝑂4

2− concentration 
on copper recovery by tracking the porosity change and the volume of secondary mineral 
overgrowth. Simulations 9 and 10 study the effect of gangue mineral thickness surrounding the 
chalcopyrite grain, simulations 11 and 12 study the effects of oxygen concentrations and 
simulations 13 and 14 study the effects of changing inlet velocities on the copper recovery.  

Table 1: Description of the models and the parameters used. Potassium (K+) had a concentration of 
0.01 M in all simulations. The chosen fluid flow velocities are based on previous studies (2, 5, 34). 

Aim Sim. 
no.  

pH 𝑭𝒆𝟑+ 𝑺𝑶𝟒
𝟐− 𝑶𝟐 Grain 

ratio 
Velocity 

Dominant reaction at the 
chalcopyrite boundary 

1 1 0.01M 1×10-13 M Saturated 1:2 1e-6 m/s 

2 1 0.005M 1×10-13 M Saturated 1:2 1e-6 m/s 

3 1 0.001M 1×10-13 M Saturated 1:2 1e-6 m/s 

4 2 0.01M 1×10-13 M Saturated 1:2 1e-6 m/s 

5 2 0.005M 1×10-13 M Saturated 1:2 1e-6 m/s 

6 2 0.001M 1×10-13 M Saturated 1:2 1e-6 m/s 

Rate of jarosite precipitation, 
dynamic growth in the 
passivation layer and its 
effect on Cu2+ recovery  

7 2 0.01M 5×10-5 M Saturated 1:2 1e-6 m/s 

8 2 0.01M 9×10-5 M Saturated 1:2 1e-6 m/s 

Grain Ratio (≈ surface area 
of gangue mineral) and its 
effect on Cu2+ recovery 

9 2 0.01M 1×10-13 M Saturated 1:3 1e-6 m/s 

10 2 0.01M 1×10-13 M Saturated 1:4 1e-6 m/s 

Effect of O2 on Cu2+ recovery 
and rate of jarosite 
precipitation 

11 2 0.01M 1×10-13 M Half-sat. 1:2 1e-6 m/s 

12 2 0.01M 1×10-13 M Zero sat. 1:2 1e-6 m/s 

Effect of changing velocities 
on the outlet Cu2+ 
concentration 

13 2 0.01M 1×10-13 M Saturated 1:2 1e-5 m/s 

14 2 0.01M 1×10-13 M Saturated 1:2 1e-4 m/s 

Sim. No.= simulation number. 
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3. RESULTS 

3.1. Simulations 1 – 6 
Simulations 1 to 6 were run to investigate the importance of proton-promoted as opposed to ferric 
iron-promoted chalcopyrite dissolution and respective copper recovery. The sulfate concentration 
was kept low, the O2 concentration was continuously high (saturated), and the grain radius ratio 
between the chalcopyrite grain and the gangue mineral of was chosen to be 1:2 (Table 1). The 
change in outflow concentrations and reactions rate over time follows the trend of a breakthrough 
curve, where initial values are zero followed by a rapid increase before constant values are 
reached. The short period of rapid increase in values occurs approximately when the system is 
flushed the first time and marks the breakthrough time or flushing time. In the study the flushing 
time is approximately 10,000 seconds (2.8 hours) based on tracer simulations (data not shown). 
The last phase of the breakthrough curve shows constant values representing steady-state 
conditions in terms of chemical reaction rates and respective fluid composition at the outflow.  

Reaction mechanism-specific steady-state chalcopyrite dissolution rates vary over two orders of 
magnitude. The lowest rates occur for the ferric-promoted dissolution mechanism at pH 2 
(~1.4 ∗ 10−16 mol cm−2 sec−1 simulation 6), while the highest rates occur for the proton-promoted 
dissolution at a pH of 1 and the highest Fe3+ concentration (~1.25 ∗ 10−13 mol cm−2 sec−1 simulation 
1) (Fig. 2). Proton-promoted dissolution rates are not affected by variable Fe3+ concentrations 
whereas the ferric iron-promoted dissolution rates are increased at higher proton concentrations 
(simulations 1 to 3) relative to lower proton concentrations (simulations 4 to 6). Copper (Cu2+) 
outflow concentrations reflect the chalcopyrite dissolution rates, with the highest concentrations 
observed at pH 1 (simulations 1 to 3) and concentrations approximately one order of magnitude 
lower at pH 2 (simulations 4 to 6). 

 

 

 

Figure 2: Steady-state chalcopyrite dissolution rates and copper outflow concentrations for 
simulations 1–6. Inflow Fe³⁺ concentrations were 0.01 mol/L (simulations 1 and 4), 0.05 mol/L 
(simulations 2 and 5), and 0.1 mol/L (simulations 3 and 6). Simulations 1–3 had an inflow pH of 1 
(a), whereas simulations 4–6 had an inflow pH of 2 (b). Proton-promoted dissolution rates are shown 
in orange and ferric iron–promoted dissolution rates in blue. (c) Cu²⁺ concentrations at the outflow. 
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3.2. Simulations 7 and 8 
Simulation 7 was used for the following investigations:  

1. The dominant transport regime (advection vs. diffusion) was determined along a transect 
through the center of the grain in order to reveal differences in transport between the free 
flow and the porous domains (Fig. 3a). The Péclet number (Pe′) was calculated, Pe′ = uin ∗ w ∗

Ddiff−1, with uin as the inflow velocity, w is the domain width (0.01m) and Ddiff is the diffusion 
coefficient (10−9m2s−1) . A Pe′ > 1 and a Pe′ < 1  indicate advection and diffusion dominated 
regimes, respectively. As can be seen in Figure 3b, the free flow domain is advection 
dominated, while the porous domain is diffusion dominated.  

2. The spatial-temporal evolution of the Cu2+ concentration distribution was followed from the 
beginning of the simulation (0 sec) until 20,000 sec (≈ 5.5 h). The Cu2+ inflow concentration 
was ‘0’ at all times, but the Cu2+ concentration increased to over 7 ∗ 10−7M within the jarosite 
domain adjacent to the chalcopyrite surface (Fig. 4). A steep Cu2+ concentration gradient 
occurs from the mineral surface to the outer boundary of the porous domain. Given the 
porous domain is diffusion dominated, see above, the Cu2+ flux to the free flow domain is 

 

Figure 3: Advection versus diffusion dominated transport along a horizontal transect through the 
center of the grain (a). Pe′ > 1 in the free flow zone (0 – 0.3 and 0.7 – 1.0 cm along transect) indicate 
transport is advection dominated, while Pe′ < 1   in the porous zone (0.3 – 0.4 and 0.6 – 0.7 cm along 
the transect) indicate a diffusion dominated transport regime (b).   

 

 

 

Figure 4: Spatial-temporal evolution of Cu2+ concentration [M] during the first 20,000 seconds  
(≈ 5.5 h) of Simulation 7. Note, the Cu2+ inflow concentration is ‘0’ at all times (at the bottom of the 
domain) and the chalcopyrite surface is the source of dissolved Cu2+.  
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diffusion controlled. In contrast, once the Cu2+ reaches the free flow domain, its transport is 
advection dominated as illustrated by the pear-shaped Cu2+ plume.  

3. Concentration distributions for Cu2+, Fe3+ and H+ are shown to reveal concentration gradients 
controlled by the coupled dissolution and reprecipitation (Fig. 5). As shown above (Fig. 4), the 
chalcopyrite surface is the source of dissolved Cu2+ and the porous domain is characterized by 
a distinct concentration gradient from the mineral surface to the outer bound (Fig. 5a). 
Together with a Pe′ > 1 in the porous domain, see above, Cu2+ transport through the porous 
domain to the free flow domain is diffusion controlled. The pattern of the H+ concentration 
distribution (Fig. 5b) is similar to Cu2+ distribution (Fig. 5a) suggesting the chalcopyrite surface 
is a source of H+. This can be reconciled through the balance of reactions occurring in the 
jarosite domain adjacent to the chalcopyrite surface: Ferric iron – promoted chalcopyrite 
dissolution (Eq. 7) and jarosite precipitation (Eq. 8) produce H+ while proton-promote 
chalcopyrite dissolution (Eq. 6) consumes H+. Here, the H+ production outcompetes the H+ 
consumption. The Fe3+ inflow concentration is 0.01 M (Table 1) and its concentration drops to 
a minimum of about 0.001M in the jarosite domain (Fig. 5c) due to the precipitation of jarosite 
(Eq. 8) and the ferric iron reduction during the ferric iron-promoted chalcopyrite dissolution 
(Eq. 7). The rate of ferrous iron oxidation by oxygen (Eq. 9) is apparently too slow to 
compensate for the rate of ferric iron consumption.  

Simulations 7 and 8 investigate the effects of variable sulfate concentrations on the potential 
formation of the passivation layer and the associated decline in the chalcopyrite dissolution rate 
and copper mobilization. The Fe3+ concentration (0.01 mol/L) and the pH (pH of ) were kept the 
same in both simulations, but the sulfate concentration was varied between 5 ∗ 10−5 (simulation 
7) and 9 ∗ 10−5 (simulation 8) mol/L. The simulations were run for about 14 hours (50,000 𝑠). The 
jarosite saturation index varied from a very small value to 0.49 and 1.003 for sulfate inflow 
concentrations of 5*10-5 (simulation 7) and 9*10-5 (simulation 8) mol/L, respectively (Fig. 6a). 
Even though the pH (= 2) and the Fe3+ inflow concentration (0.01 M) were the same in simulations 
4, 7 and 8, the maximum copper mobilization and outflow concentration is only about half in 
simulations 7 and 8 (1.18 ∗ 10−8 mol/L) compared to the maximum (steady state) concentration in 
simulation 4 (2.33 ∗ 10−8 mol/L) (Fig. 6d). The onset of jarosite precipitation and the associated 
reduction in porosity (Fig. 6c) occurs while jarosite is still undersaturated in the outflow (Fig. 6a). 
The Cu2+ outflow concentration starts to decline when the porosity in the jarosite precipitation 
domain decreased from 0.1 to about 0.05 (Fig. 6d). Figure 6e shows the change in porosity along 
a transect across the jarosite precipitation domain. The initial porosity in the whole domain was 
0.1, which changed to a porosity gradient across the domain and with time.  

  

 

Figure 5: Spatial distribution of Cu2+ (a), H+ (b) and Fe3+ (c) concentrations after 20,000 s of 
Simulation 7. Note, Cu2+ and H+ are produced at the chalcopyrite surface while Fe3+ is consumed. 
The inflow is at the bottom of the domain. 
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3.3. Simulations 9 to 12 
Simulations 9 and 10 investigated the potential influence of variable gangue mineral (quartz) to 
chalcopyrite ratio. An injection fluid with pH 2 and a 0.01 M Fe3+ was used and the ratio of the 
chalcopyrite to quartz mineral was varied between 1:2 (simulation 4), 1:3 (simulation 9) and 1:4 
(simulation 10). Steady state Cu2+ outflow concentrations varied for different ratios. A Cu2+ outflow 
concentration of 1.8 ∗ 10−7 mol/L for a ratio of 1:2, a concentration of 1.9 ∗ 10−7 mol/L for a ratio of 
1:3 and a concentration of 2.2 ∗ 10−7 mol/L for a ratio of 1:4 were observed. These variations in 
copper outflow concentration are minor compared to the range observed in simulations 1 to 6, 
which spans more than one order of magnitude (Fig. 1). 

Simulations 11 and 12 investigated the potential influence of variable oxygen concentrations in 
the inflow. All variables remained the same, however the oxygen concentration varied from fully 
saturated (simulation 4) to half-saturated (simulation 11) and oxygen-depleted (simulation 12). No 

 

Figure 6: (a) Jarosite saturation within the precipitation domain for two sulfate inflow concentrations 
(simulations 7 and 8). (b) Change in jarosite volume within the jarosite precipitation domain. (c) 
Change in porosity within the jarosite precipitation domain. (d) Change in copper outflow 
concentrations without jarosite precipitation (blue; simulation 4) and with jarosite precipitation at 
two SO₄²⁻ inflow concentrations (simulations 7 and 8). (e) Change in porosity along a transect (0.01 
cm thick) across the precipitation domain. The black dashed line indicates the onset of jarosite 
precipitation, and the green dashed line indicates the time at which a steady state in the jarosite 
saturation index was reached at the outflow. 
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variations in the Cu2+ outflow concentrations were observed, which can be explained by the very 
slow rate of ferrous iron oxidation using oxygen at a low pH (see also section 4.3). 

3.4. Simulations 13 and14 
Simulations 13 and 14 investigated the effects of fluid inflow velocities on chalcopyrite dissolution 
rates and Cu2+ outflow concentrations as the injection velocities are changed. All variables 
remained the same as in simulation 4 except for the injection rate. The ferric-promoted dissolution 
rate changed from 1.62 ∗ 10−15 mol cm-2 s-1 at a flow velocity of 1e-6 m/s to a maximum rate of 2.4 ∗

10−11 mol cm-2 s-1 at a flow velocity of 1e-4 m/s. The proton-promoted rate also increased from 
1.39 ∗ 10−14 to 2.06 ∗ 10−10 mol cm-2 s-1 (Fig. 7a). In contrast, the Cu2+ outflow concentration 
decreased with increasing fluid inflow velocity from 0.0235 to 0.000395 µmol/L (Fig. 7b) as the 
mobilized dissolved copper becomes increasingly diluted by the fluid not reacting with the 
chalcopyrite. 

4. DISCUSSION 

4.1. Temporal evolution of the geochemical system 
It is important to recognize the temporal evolution of reaction rates and concentrations as well as 
changes in porosity and permeability within the jarosite domain as precipitation proceeds. At a 
flow rate of 1 ∗ 10−6 m s−1  and a domain length of 1 cm, the fluid residence time between inflow 
and outflow in the free-flow domain is 10,000 s. However, ion transport through the porous 
domain is more variable as it is controlled by diffusion, and the diffusive flux is a function of the 
concentration gradient and porosity (Eq. 1). Given reactions at the chalcopyrite surface produce 
or consume ions, including H+, Fe3+, SO4

2- and Cu2+, the rate of these concurrent reactions affect 
the concentration gradients and the respective fluxes. Furthermore, the precipitation of jarosite 
in the jarosite domain changes its porosity, which also affects the diffusion rate. The temporal 
evolution of the Cu2+ concentration distribution (Fig. 4) illustrates the gradual changes in the Cu2+ 
concentration gradients in the porous domain and in the free-flow domain during the first 20,000 
s (≈ 5.5 h). Similarly, it was demonstrated that jarosite precipitation and associated porosity 
reduction in the jarosite domain proceeded over 50,000 s at given conditions (Fig. 6d). From the 
above, it is evident that CDR at mineral surfaces involves a dynamic and complex interplay 
between ionic transport and concurrent reactions. 

4.2. Ion transport in the free-flow domain surrounding the grain and within 
the porous domain adjacent to chalcopyrite 

The dominant transport mechanism is either advection or diffusion and can be calculated using 
the Pe′ Number (see Section 3.2). For the majority of the simulations, we chose a fluid inflow 

 

Figure 7:  (a) Steady-state chalcopyrite dissolution rates, with proton-promoted dissolution shown 
in orange and ferric iron–promoted dissolution in blue. (b) Steady-state outlet Cu²⁺ concentrations 
at different inflow velocities. 
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velocity of 1 ∗ 10−6 m s−1 , which is within the range of previously published flow velocities in heaps 
(Table 1). It was further assumed that the chalcopyrite grain diameter is half of the full grain 
diameter and the chalcopyrite grain is surrounded by gangue mineral with a low porosity (0.1) 
and low permeability (1 ∗ 10−13 m2). In this case, it was determined that the free-flow domain is 
advection-dominated while the porous domain was diffusion-dominated (Section 3.2). The 
importance of diffusion-dominated transport adjacent to the chalcopyrite has consequences for 
the question whether chalcopyrite dissolution and associated Cu2+ mobilization is limited by the 
(diffusive) transport or by the reaction rate (Section 4.4) 

4.3. Variability in the chalcopyrite dissolution rate in the absence of jarosite 
formation 

Chalcopyrite dissolution rates varied by over two orders of magnitude within the range of 
conditions covered in this study (pH between 1 and 2; Fe3+

(aq) between 0.01 and 0.001 mol/L). The 
proton -promoted dissolution rate always outcompeted the ferric iron-promoted dissolution rate 
(simulations 1 to 6, Fig. 1) leading to the highest dissolution rate at a pH of 1 and a Fe3+

(aq) 
concentration of 0.01 mol/L. The proton-promoted dissolution rate was solely dependent on the 
proton concentration (pH), while the ferric iron-promoted dissolution rate was dependent on the 
proton and the Fe3+

(aq) concentration. This observation can be explained with the rate laws for the 
two reactions where the proton and Fe3+

(aq) concentrations are variables for the ferric iron-
promoted dissolution reaction (Eq. S7 in the Supplementary Material, available online) and only 
the proton concentration is an input to the proton-promoted reaction (Eq. S8 in the 
Supplementary Material, available online).  

The results of simulations with variable O2 concentrations (simulations 12 to 14) showed no 
influence of O2 on the dissolution rate, suggesting that a secondary reaction of Fe2+

(aq) oxidation 
with O2 is negligible. This can be attributed to the following two reasons. First, Fe2+ oxidation is 
limited to the free fluid domain. Second, the OH- concentration at a pH of 2 is very low, having an 
inhibiting influence on the oxidation rate (Eq. S11 in the Supplementary Material, available 
online).  

The role of the fluid advection rate around the grain composed of chalcopyrite and the gangue 
(quartz) mineral on the rate of chalcopyrite dissolution was explored by varying the fluid flow rate 
by over two orders of magnitude (1.2 ∗ 10−6 to 1.2 ∗ 10−4 m sec−1 in simulations 4, 13 and 14). The 
results indicate that chalcopyrite dissolution rates increased by over four orders of magnitude for 
both reaction mechanisms in response to a two-order-of-magnitude increase in flow velocity (Fig. 
7a). In contrast, the Cu2+

(aq) outflow concentrations were negatively correlated with the fluid 
advection rate (Fig. 7b). The diffusive Damköhler number (𝐷𝑎𝐼𝐼 = 𝑘𝑎 ∗ 𝛾𝑎 ∗ 𝑆 ∗ 𝑅2 ∗ DDiff

−1) was 
calculated. Here 𝑘𝑎 is the rate constant, 𝛾𝑎 is the activity coefficient, 𝑆 is the specific grain surface 
area, 𝑅 is the grain radius, 𝐷Diff is the diffusion coefficient. For the proton-promoted dissolution 
reaction, the 𝐷𝑎𝐼𝐼

𝐻+is calculated as 600 and for the ferric-iron promoted reaction 𝐷𝑎𝐼𝐼
𝐹𝑒3+  >>1000. 

This suggests that the reaction rate exceeds the diffusion rate, indicating that the system is 
diffusion limited. The inverse correlation between the fluid advection rate and the Cu2+ outflow 
concentration is the result of higher dilution of Cu2+

(aq)-enriched fluid leaving the grain at higher 
advection rated, due to the increased transport of Cu2+

(aq)-depleted fluid around the grain. The 
increase in the Cu2+

(aq.) outflow concentration with an increase in the chalcopyrite-to-gangue 
mineral radius ratio is initially counterintuitive as one might expect that the relative decrease in 
chalcopyrite surface area leads to lower reaction rates. However, the surface area of the gangue 
mineral controls the diffusive flux of ions to the chalcopyrite surface area. A larger gangue mineral 
surface area captures more ions, including protons and Fe3+

(aq.) required for the chalcopyrite 
dissolution from the ambient fluid into the grain. This result provides further evidence for the 
control of chalcopyrite dissolution rate by the diffusive flux through the gangue mineral.  
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4.4. Conditions and impact of coupled dissolution and reprecipitation (CDR)  
Hypothetically, the rate of chalcopyrite dissolution and the potential of coupled chalcopyrite 
dissolution and reprecipitation of jarosite are controlled by three principal conditions:  

Firstly, the composition of the inflow solution controls the availability of ions involved in the set of 
coupled reactions. For example, our results showed that low SO4

2- inflow concentrations (10-13 M) 
inhibit jarosite precipitation, while high inflow SO4

2- concentrations (10-5 M) resulted in jarosite 
supersaturation and precipitation at the chalcopyrite surface.  

Secondly, the rates of the coupled reactions are important as certain aqueous species are 
concurrently consumed and produced. The coupling of species consumption and production can 
be summarized as follows: Fe2+ is produced by the proton-promoted (Eq. 6) and the ferric iron-
promoted (Eq. 7) dissolution of chalcopyrite, and can be consumed by the oxidation with O2 (Eq. 
9). Fe3+ is consumed by the ferric iron-promoted dissolution of chalcopyrite (Eq. 7) and jarosite 
precipitation (Eq. 4) and produced by the Fe2+ oxidation reaction (Eq. 9). SO4

2- is consumed by the 
jarosite precipitation reaction (Eq. 8) and produced by the ferric iron-promoted chalcopyrite 
dissolution reaction (Eq. 7) and H2S oxidation reaction (Eq. 6). H+ is consumed by the proton-
promoted chalcopyrite dissolution mechanism (Eq. 2) and Fe2+ oxidation (Eq. 5), while it is 
produced by ferric iron-promoted chalcopyrite dissolution (Eq. 3) and sulfide oxidation (Eq. 10). 
The coupling of concurrent aqueous species production and consumption has been shown to 
control species concentrations and the development of a steady state balance between 
production and consumption rates (30). In our simulations we observed the concurrent 
production of Cu2+ and H+, while Fe3+ was consumed at the chalcopyrite surface when jarosite 
precipitated (Fig. 5). This could, however, change for a range of reasons. For example, as jarosite 
precipitation reduces porosity, the diffusion of H+ and Fe3+ to the chalcopyrite surface reduces. 
Similarly, if the pH is too high for significant H+-promoted chalcopyrite dissolution and respective 
H+ consumption (Eq. 6), more net production of H+ will occur due to the Fe3+-promoted dissolution 
(Eq. 7) and jarosite precipitation (Eq. 8).  

Thirdly, reaction rates can be controlled by the rate of ion transport to and away from the reaction 
site, or by the inherent kinetic control of the reaction (6). In case of a reaction rate controlled by 
transport, the reaction rate varies with the flow velocity or the diffusive flux, while kinetically 
controlled reactions do not vary with the transport rate.  

We investigated CDR processes at the surface of chalcopyrite through a series of reactive-
transport simulations. In order to study conditions of coupled chalcopyrite dissolution and jarosite 
reprecipitation at the chalcopyrite mineral surface, the sulfate inflow concentration was varied 
between 5 ∗ 10−5 and 9 ∗ 10−5 mol/L while all other conditions remained the same (simulations 7 
and 8, Fig. 6). The mineral saturation state for jarosite was initially highly undersaturated at the 
outflow in both cases (Fig. 6e). Three temporal phases reflecting different process can be 
observed: The initial increase in the Cu2+

(aq.) outflow concentration was the same as in a comparable 
simulation with extremely low sulfate concentration (simulation 4); porosity remained constant 
and jarosite precipitation did not occur. During this phase, sulfide was mobilized and oxidized to 
sulfate according to the ferric iron-promoted chalcopyrite dissolution (Eq. 7) leading to a local 
enrichment in sulfate. The second phase commenced when the sulfate concentration in the 
jarosite precipitation zone was high enough to reach jarosite saturation (Fig. 4e). At this point 
jarosite started to precipitate and to accumulate and porosity started to decline in the jarosite 
precipitation zone. Consequently, ion transport to the chalcopyrite surface and the associated rate 
of chalcopyrite dissolution declined and the Cu2+

(aq.) outflow concentration decreased. The third 
phase was characterized by an exponential decline in a) the Cu2+

(aq.) outflow concentration, b) the 
porosity, and c) the rate of jarosite accumulation in the jarosite precipitation domain. This phase 
resulted in the shutdown of Cu2+

(aq.) mobilization due to the coupled dissolution and reprecipitation 
at the chalcopyrite surface. The two simulations with an inflow composition undersaturated with 
respect to jarosite (simulations 7 and 8) illustrate the importance of the inflow composition. Given 
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Fe3+
(aq.) contributes to chalcopyrite dissolution, one needs to keep the potassium and/or sulfate 

concentrations low to avoid jarosite precipitation. Previous experimental studies suggested using 
sulfuric acid with a sulfate concentration of 100 ∗ 10−3 mol/L (37) or seawater with a sulfate 
concentration of 28 ∗ 10−3 mol/L (15) as a lixiviant in areas with limited freshwater resources. 
However, such high sulfate concentrations would highly limit Fe3+

(aq.) concentrations and lead to 
abundant jarosite precipitation including precipitation at the surface of chalcopyrite where 
additional sulfate is formed. Given the critically important reaction of jarosite precipitation within 
a 10 µm zone at the chalcopyrite surface further suggests mesocosm experiments may show 
systemwide changes in the water composition, but may not reveal clues on mineral surface 
reactions causing surface passivation and respective decline in the dissolution rate of a primary 
mineral. 

This study has successfully developed a reactive-transport model integrating reactions at a 
discrete mineral surface with continuum-scale domains enabling the prediction of coupled 
dissolution and replacement reactions (CDR) at a mineral surface. Specifically, jarosite 
precipitation at the chalcopyrite surface was predicted at given conditions. However, the 
formation of another secondary mineral in the form of covellite (42) and the potential 
transformation of jarosite to iron oxides (33) have been demonstrated under certain conditions, 
which have not been explored here. As pointed out earlier (1), variations in chemical and physical 
conditions from the micro- to macro-scale can lead to different CDRs at the mineral surface and 
warrant further investigations. Specifically, electrochemical conditions can impose redox-
controlled mineral dissolution and surface passivation of metal sulfide minerals such as pyrite and 
chalcopyrite (41 and references herein), which has not been addressed in this study.  

5. CONCLUSIONS 
A reactive-transport model has been developed to predict coupled dissolution and reprecipitation 
reactions (CDR) at mineral surfaces and was applied to reveal reactions at the chalcopyrite mineral 
surface and the consequences for copper recovery in heap leaching systems. Proton-promoted 
chalcopyrite dissolution exceeded ferric iron-promoted dissolution of chalcopyrite under the 
given conditions. Reactions at the mineral surface were transport-limited where the diffusive flux 
of ions through the gangue mineral (quartz) surrounding chalcopyrite controlled the reaction 
rates. Ferrous iron oxidation is negligible under the very low pH conditions, whereas sulfide 
oxidation did occur near the chalcopyrite surface leading to elevated sulfate concentrations. Once 
the solution at the mineral surface reached thermodynamic equilibrium with jarosite, jarosite 
precipitation commenced leading to a reduction in porosity within the precipitation zone. As a 
consequence, ionic transport became increasingly restricted and ultimately terminated 
chalcopyrite dissolution and copper mobilization. It is recommended to keep sulfate 
concentrations low in the infiltrating solution to avoid jarosite precipitation. The study illustrates 
how processes at micro-meter scale can control systemwide changes in fluid composition, in this 
case copper recovery in low-grade ore heap leaching systems.  
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