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Abstract 

Heap leaching of ores is becoming a widespread method of metal recovery. It is common 

practice to initiate irrigation in heap leach facilities with low rates, followed by a gradual 

increase to the final rate. However, no detailed study has been performed to understand the 

processes that may lead to better recovery using this technique. Large column tests were 

performed with copper ore and raffinate solution to study solution-flow behavior under 

different initial irrigation ramp-up schemes. The columns were monitored for the duration of 

the tests with moisture sensors, a neutron probe, electrical resistivity tomography, and 

tensiometers. The baseline test used the final target raffinate irrigation rate from the 

beginning. The packed ore experienced significant agglomeration collapse, consolidation and 

decreased permeability, localized ponding, and flow diversion. The slow ramp-up test 

exhibited minimal ore collapse and no ponding or flow diversion, such that the flow was 

observed to remain in the center. The faster ramp-up test showed some ore collapse, but no 

ponding or flow diversion. Water content did not seem to be the only factor involved in 

agglomeration structure collapse, suggesting that other factors such as pore size variation and 

flux might take key roles. The results of tracer tests and inverse transport modeling helped to 

understand flow behavior for the tests. Large dispersivity values resulted from the large scale 

and wide pore size variation of the ore media. Mobile water fraction and mass transfer 

coefficients were consistent with compacted ore versus agglomerated structure from the 

tests. The experimental results, along with the inverse modeling helped in the interpretation 

of the hydrological processes in heap leaching. 
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1. Introduction 

Heap leaching is a process to extract metals via irrigation of rocks that are piled in heaps 

using chemical solutions. The method has been used for centuries to recover precious and 

base metals from low grade ores. In recent years, its use has been expanded, due to favorable 

costs compared to the high cost and environmental impact of ore milling and smelting. 

Numerous studies have addressed heap leach ore processing and irrigation methods, which 

have helped develop good practices. However, there is much improvement that can be made 

in the recovery process. Leach ore hydraulic properties can play a significant role for metal 

recovery besides the ore grade.  In particular, the presence of low permeability ore or the 

presence of preferential flow in the heap results in poor leachate distribution, leaving 

unleached or incompletely leached rock under normal irrigation cycles. Many mines initiate 

solution irrigation at slow rates, ramping-up until a final target irrigation rate is achieved. 

This has been shown in some cases to improve the metal recovery; however, no detailed 

studies have addressed the flow mechanisms that cause increased leaching efficiency. The 

purpose of this study is to investigate the flow mechanisms of this initial phase in the leaching 

process through a series of designed and instrumented large-scale laboratory column 

experiments.  

1.1 Hypothesis 

Initial irrigation ramp-up will help in maintaining the agglomerated structure of copper 

leach ore in heaps, resulting in improved hydraulic conditions that can promote higher 

solution-ore surface area contact ratios (see the Conceptual Model section for more detail). 

1.2 General Objectives 

- Design and test various irrigation schemes for their effects on solution spreading at 

within columns to represent the upper portion of the heap of copper ores.  

- Understand the mechanisms of solution spreading, how solution spreads, taking into 

account the unsaturated hydrological processes in the medium. 

1.2.1 Specific objectives 

- Compare different methods for monitoring moisture content in large columns. These 

include dielectric moisture content sensors, neutron moisture probe measurements 

through the outer column wall, and electrical resistivity tomography. 
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- Test and use different tracer/dye methods to determine non-uniform flow in 

unsaturated large column tests. 

2. Literature review 

2.1 Unsaturated zone hydrology 

The relationship between the saturation in a porous medium and the energy as negative 

pressure determines the solution flow in unsaturated environments. Flow in these conditions 

not only depends on gravity but on forces created due to the presence of more than one fluid, 

water and air. The finer particles can hold more moisture under higher negative pressures 

than the coarse particles. Large pores drain first as negative pressure become more negative 

(Ferré and Warrick, 2005) 

Unsaturated flow can be described with Darcy’s equation, with the modification that the 

hydraulic conductivity is a function of the (negative) pressure head. The equation of flow for 

unsaturated, non-swelling soils is a non-linear partial differential equation (Richards, 1931): 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧
[𝐾 (

𝜕ℎ

𝜕𝑧
+ 1)] 

Equation 1 

Where K is the hydraulic conductivity and a function of θ and h, h is the pressure head 

induced by capillary force, z is the elevation above a reference, θ is the volumetric water 

content and t is time. Numerical solutions are usually employed due to the complexity of the 

analytical solutions to this equation and the simplification assumptions that have to be made 

(homogeneity, simple geometry, constant initial conditions, etc.) (Šimůnek, 2005). 

Soil suction and water content measurements combine to form the soil-water 

characteristic curve or moisture retention curve (MRC), which is used to assess unsaturated 

soil properties (Childs, 1940).  The MRC shows the energy status of a porous medium related 

to the amount of water in the system. The hydraulic conductivity as a function of the pressure 

head indicates the level of resistance to water flow (Šimůnek, 2005). 

Models to represent the relationship between the pore size distribution and the hydraulic 

conductivity have been proposed. Some of the most widely used are based on the 

interconnected capillary tubes model (Mualem, 1976). The van Genuchten model is used to 

calculate the MRC with the equation (van Genuchten, 1980): 
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𝜃(ℎ) = 𝜃𝑟 +
𝜃𝑆 − 𝜃𝑟

[1 + |𝛼ℎ|𝑛]𝑚
 ℎ < 0 

Equation 2 

Where θs is the saturated volumetric water content [L3/L3], θr is the residual volumetric 

water content [L3/L3], h is pressure head [L], α us the air-entry inverse [1/m], n is a pore size 

distribution measure (dimensionless), and m is a parameter estimated from the moisture 

retention curve (dimensionless, m=1-1/n). 

The unsaturated hydraulic conductivity (Kunsat) can be expressed as a function of the 

normalized water content: 

𝐾(Θ) = 𝐾𝑆Θ
1
2 [1 − (1 − Θ

1
𝑚)

𝑚

]

2

 

Equation 3 

Θ =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
 

Equation 4 

Where Ks is the saturated hydraulic conductivity [LT-1], and Θ is normalized water content. 

Combining the equations Equation 3 and Equation 4, the hydraulic conductivity as a function 

of the pressure head is: 

𝐾(ℎ) = 𝐾𝑆

{1 − (𝛼ℎ)𝑛−1[1 + (𝑎ℎ)𝑛]−𝑚}2

[1 + (𝑎ℎ)𝑛]
𝑚
2

 

Equation 5 

2.2 Solute transport 

The ADE model is based on the equation (Parker and van Genuchten, 1984): 

𝑅
𝜕2𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
− 𝑣

𝜕𝑐

𝜕𝑥
− 𝜇𝑐 + 𝛾 

Equation 6 

Where R is the dimensionless retardation factor, c is the resident concentration in the pore 

water [ML-3], t is the time, D is the dispersion coefficient, µ is a first order decay coefficient or 

irreversible adsorption coefficient [T-1], γ is a production rate [ML-3T-1], x is the distance from 
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the inlet, and t is the time. The analytical solutions are provided in Parker and van Genuchten 

(1984). 

The dimensionless MIM model can be written as  

𝛽𝑅
𝜕𝐶𝑚

𝜕𝑇
=

1

𝑃

𝜕2𝐶𝑚

𝜕𝑋2
−

𝜕𝐶𝑚

𝜕𝑋
𝜔(𝐶𝑚 − 𝐶𝑖𝑚) − 𝜇𝑚𝐶𝑚 

Equation 7 

(1 − 𝛽)𝑅
𝜕𝐶𝑖𝑚

𝜕𝑋
= 𝜔(𝐶𝑚 − 𝐶𝑖𝑚) − 𝜇𝑖𝑚𝐶𝑖𝑚 

Equation 8 

Where Cm and Cim are the relative concentration in mobile and immobile portions, β and ω 

are the mobile water fraction and dimensionless mass transfer coefficient, µm and µim are the 

decay coefficients, P is the Peclet number, and X and T are the dimensionless coordinate and 

time. Definitions of these dimensionless parameters and analytical solutions are given in 

Toride et al. (1995); two of the most relevant, are: 

𝛽 =
𝜃𝑚 + 𝑓𝜌𝑏𝐾𝑑

𝜃 + 𝜌𝑏𝐾𝑑
 

Equation 9 

Where θm is the volumetric water content of the mobile phase, f is the fraction of 

adsorption sites that equilibrates with the mobile phase, ρb is the bulk density and Kd is the 

sorption distribution coefficient. 

𝜔 =
𝛼𝐿

𝜃𝑣
 

Equation 10 

Where α is a first order mass transfer coefficient [T-1], L is the linear traveled length, and v 

is the pore velocity. 

The analytical solutions for both models are coded in the VBA functions in the 

CXTFIT/Excel files that were used in this study (Tang et al., 2010). 

2.3 Heap leaching studies 

Several studies have addressed heap leaching focusing on the unsaturated hydrology 

nature of this method (Decker, 1996; O’Kane Consultants Inc., 2000; Orr, 2002; Galla, 2007; 
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Milczarek et al., 2013; Silver, 2013; Robertson, 2017). The following is a summary of some of 

the studies that have addressed heap leaching from a hydrological point of view. 

Copper is recovered in mines by the means of mainly two processes: pyrometallurgy and 

hydrometallurgy, specifically heap leaching. The former involves separating the metal from 

the sulfide and other metals by crushing and melting at high temperatures; this method is 

used in ores with high copper concentrations (high grade ores)(Palencia et al., 2002). The 

latter method consists in irrigating piles of crushed ore or uncrushed ore (run-of-mine) with 

diluted sulfuric acid, over an impermeable material or liner. The acid leaches the copper and 

the “pregnant” solution, which is enriched in copper sulfate, is recovered in order to process it 

by an electrochemical method called electrowinning (Figure 1). The resulting barren solution 

is reused for another leaching cycle (O’Kane Consultants Inc., 2000; Palencia et al., 2002). 

Heap leaching is used in low-grade ores and increasingly in medium-grade ores, due to lower 

cost of operation and optimization practices (Lewandowski and Kawatra, 2009; Petersen, 

2016).  

 

The ore heap must be porous and permeable to allow the leaching solution to flow. Some of 

the most problematic ores to treat with heap leaching are the ones with high contents of fine 

material (lime and clay). This material slows down the solution flow, it causes channeling and 

results in unleached areas within the heap.  In extreme cases, flow pathways in the heap can 

become clogged, redirecting the solution to the sides of the heap, rather than allowing for 

Figure 1. Heap leach process schematic (Kampf, Salazar and Tyler, 2002)(modified). 

Raffinate 
Solution 

application 

Cu recovery 
plant 
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vertical flow. (Eisele, Colombo and Mcclelland, 1983; McClelland, 1986; O’Kane Consultants 

Inc., 2000; Palencia et al., 2002; Lewandowski and Kawatra, 2009).  

Heterogeneities within the heap largely contribute to the differential permeabilities. 

Natural sorting of the material when building the heaps occurs, placing the fine ore particles 

at the center and lower ends of the pile and the larger particles closer to the slopes and higher 

ends. Additionally, leveling the heaps involves the use of heavy machinery, which “sieves” the 

finer particles to lower levels (McClelland, 1986), aggravating the heterogeneity problem. 

Acid curing and agglomeration are used in copper heap leaching prior to piling to improve 

the copper extraction process. During agglomeration, fine particles (silt and clay) are attached 

to coarse ones, increasing medium permeability and minimizing fine particle segregation; acid 

curing inhibits the formation of silica gel by dehydration by means of starting reactions with 

acid soluble metals. These conditions improve copper extraction (O’Kane Consultants Inc., 

2000; Lu, Dreisinger and West-Sells, 2017). Agglomeration in heap materials involves a 

combination of different mechanisms such as solid bridges, adhesion and cohesion, surface 

tension and capillary forces, attraction forces between solids and interlocking bonds 

(Lewandowski and Kawatra, 2009). 

  

Figure 2. Aerial picture of heap leaching pads with solution ponding under the emitters (drippers). 
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Decker (1996) used tracer tests in a 6-m column and 1D modeling to study gold ore heap 

leaching materials. He demonstrated that a highly heterogeneous velocity field exists in them, 

and it can be approximated by a dual porosity model to a very reasonable degree, compared 

to the advection-dispersion model, even in a one-dimensional approach (Decker, 1996). 

O’Kane Consultants, Inc. (2000) performed column tests and numerical modeling to 

provide evidence of the importance of unsaturated hydrology in heap leaching. They found 

that segregation of fines takes a significant role in the flow of leaching solution. The 

preferential pathways were in the fine materials for irrigation rates usually used in heap 

leaching, which is a counterargument for some heap leaching practices where irrigation rates 

are increased to increase recovery (O’Kane Consultants Inc., 2000).  

Galla (2007) performed two large unsaturated flow column tests, measuring moisture and 

matric suction. He used computer flow modeling, finding poor concordance between 

experimental and modeled data (Galla, 2007). 

Peng (2009) performed tracer tests with boron in unsaturated columns packed with 

copper ore.  The solution used for leaching copper has high concentrations of ions, so 

traditional non-reactive tracers such as bromide are not appropriate. He used boron as a 

tracer and obtained the partition coefficient (Kd) by performing sorption batch tests. He 

performed the tests for two bulk densities and two irrigation rates and obtained transport 

parameters by inverse modeling in CXTFIT. He found that the two-region transport model is 

useful for the leach ore tests. He found the mobile fraction in the two-site model to be 

between 0.60 to 0.68. He also scaled up the results to an 18-m-high heap. (Peng, 2009). 

Silver (2013) studied the parameters that govern the leach flow patterns in heaps.  He 

conducted finite element numerical modeling and analyzed the effect of various soil 

properties and initial and boundary conditions affect percolation and flow. He found that 

initial saturation is important for better percolation rates, and percolation is in turn 

dependent on the irrigation rate method. (Silver, 2013).  

Robertson (2017) developed a 1-dimensional flow and mineral leaching model, showing 

again, that a two-site model works well with this type of material. He found that dispersion 

and diffusion are dependent on heap scale and dripper separation, and that these should be 

known to be able to scale the results up to a real heap size. (Robertson, 2017).  
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Solution permeability criteria based on empirical data from various field and 

laboratory tests was developed by Geosystems Analysis, Inc (Milczarek et al., 2013) to 

determine if permeability will become problematic for the target irrigation rate. The 

criteria include 100 times the irrigation rate safety factor (100x target rate) for hydraulic 

conductivities, below which the ore is considered to have permeability constraints or is bad 

for leaching. Another criterion for heap leaching efficiency is to maintain water contents 

below 0.60 solution saturation. The third criterion for leaching efficiency is an air 

permeability of at least 100 darcy’s assuming oxygen is needed for leaching process. 

2.4 Instrumentation 

2.4.1 Frequency-domain reflectometry (FDR or capacitance) 

The dielectric constant of a material is the ratio of the amount of electrical energy stored 

when a voltage is applied to the amount of electrical energy stored in vacuum. As the waves 

from an electric pulse travel between two parallel metal rods and through the material, it 

changes the characteristics of the waves (Topp and Ferré, 2005; Fredlund, Rahardjo and 

Fredlund, 2012). The capacitance method uses the soil as part of a capacitor, where dipoles of 

water in the soil-water-air dielectric medium become polarized in response to the frequency 

given by the electric field. The relationship between the dielectric constant and the total 

capacitance is: 

𝐶 = 𝑔𝜀𝑟𝑎 

Where C is the total capacitance, g is the geometrical constant based on the electrode 

configuration (size, shape, and distance between electrodes), and εra is the dielectric constant. 

These probes are made of an inductor and a capacitor connected to a system that oscillates at a 

certain frequency: 

𝐹 = (2𝜋√𝐿𝐶)
−1

 

Where F is the oscillation frequency, L is the total circuit inductance, and C is the total 

capacitance that includes the soil components. The relationship between oscillation frequency 

and soil water content is determined by calibration for specific soils. During the measurement, 

A representative sample of the soil should lie within the field of the sensor (Starr and 

Paltineanu, 2002; Campbell and Campbell, 2005). 
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2.4.2 Neutron moisture probe 

In a neutron probe (or neutron moisture probe), neutrons are emitted from an americium-

beryllium source, with a mean energy of 5MeV, at a rate of approximately 1027 s-1. These 

neutrons are slowed and changed in direction by collisions with soil atoms nuclei and with the 

hydrogen nuclei present in water. Most common atoms in soil scatter neutrons with little 

energy loss because of their mass difference with neutrons. If a neutron hits a H atom, its energy 

is reduced to about half because their masses are similar. This process is called thermalization, 

and a small fraction (~103 s-1) will have been slowed to room temperature. A detector installed 

in the probe counts thermal neutrons. Changes in H content occur mainly due to changes in soil 

water content. A higher water content in soil yields higher thermalization, and a denser thermal 

cloud. The counts in from the detector can be calibrated empirically against the volumetric 

water content (Hignett and Evett, 2002; Babel, 2005). 

2.4.3 Tensiometry 

A tensiometer is a device that measures the soil water energy status in the soil that is 

directly dependent on the water content. The components of this soil water potential are 

gravitational potential (ψg), dependent on the elevation from the reference, the matric 

potential (ψm) that includes the adsorption and capillary effects of the solid phase, pneumatic 

pressure potential (ψa) as a consequence of external gas pressure, the osmotic potential (ψo) 

dependent on the solutes content, and the overburden potential (ψΩ) due to the weight of the 

overlying mass.  The tensiometer most generally equilibrates to the sum of the matric and 

pneumatic potentials, also referred to as the tensiometer potential. The tensiometer is 

composed of three interconnected elements, a porous cup, water reservoir, and a pressure 

gauge. The energy equilibrates between the tensiometer and the surroundings while the 

water (solution) moves across the cup. The water tends to move toward decreasing potential. 

If the pressure inside the reservoir is larger than in the surroundings (the soil or in this study, 

the crushed ore), the water moves through the pores of the cup to the outside of the 

tensiometer. The flow n or out the tensiometer will continue until equilibrium is reached. The 

gauge detects a relative negative pressure when the water flows out of the tensiometer. The 

air-entry value of the porous cup is the gauge pressure at which the air phase displaces water-

filed pores (Young and Sisson, 2002; Tokunaga, 2005). 
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2.4.4 Electrical resistivity tomography 

The dielectric sensors and neutron probe are good and reliable methods for estimating 

moisture content in porous materials. However, they don’t give continuous information about 

the spatial distribution, unless numerous measurements are done in various locations, which 

would be impractical and expensive, and would probably affect the flow behavior.  

Geophysical methods give a good approximation of the spatial distribution of physicochemical 

properties: e.g. electrical resistivity can be used to assess important heap properties like 

moisture (Poisson et al., 2009; Rucker et al., 2009). Solid mineral grains from heap leach ore 

can be assumed to have relatively low electrical conductivity. Interconnected and water-filled 

pores offer a conductive medium for electrical current to flow. Lower water content and/or 

reduced pore space interconnectivity will be more electrically resistive due to the more 

tortuous paths that the electrical current must take.  Time-lapse resistivity is useful for 

monitoring changes related to hydraulic parameters. 

In electrical surveys, the differential potential needed for electricity flow is achieved by 

placing current electrodes into the ground, or in this case the ore. The resistiveness is 

calculated by measuring drop of potential over a known distance.  
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3. Conceptual model 

Each column test represents a cylindrical section in a leach pad around a solution emitter 

in the shallowest part of the heap. The test occurs during the initial phase of an irrigation 

cycle. Solution flow distributions are due to gravity and capillary forces. Agglomeration 

structure can be destroyed via two main processes: 1. Solution saturation is high enough for 

the pore water menisci to become convex, making the capillary pressure equal or higher than 

zero (Pietsch, 2002), 2. If the solution flux is high enough, binding forces are overcome, and 

the agglomerated material breaks. This mobilizes fine- particles to move away from large 

particles, and a new collapsed and segregated pore size distribution is created in the column, 

giving rise to a more compact structure (Figure 3).  

 

 

 

 

 

 

Figure 3. Conceptual process of redistribution of particles after 
agglomeration break-up. Left: Before irrigation. Right: During or after 

irrigation. 
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During fluid flow into a previously unsaturated porous medium, capillary forces from 

smaller pores pull solution into and displace the air present in those pores. On the other hand, 

capillary forces from larger pores are small, but solution is forced into the larger pores if the 

effective flux rate (the rate at which the solution is flowing in a specific area) is greater than 

the hydraulic conductivity (capacity) of the small pores in contact with solution to transmit 

the solution. This process will be called flow bypassing in this study. As the solution travels 

deeper into the heap, capillary forces and small-scale heterogeneities cause the solution to 

spread laterally, reducing the local flow rate.  As the pores wet up, the hydraulic conductivity 

of the pores increases. Therefore, at greater depths, there is greater lateral spreading and 

saturation of micropores, and more matrix flow is expected than macro-pore flow. The 

wetting of the ore pore space occurs from the top of the heap to the bottom. 

A complicating factor for fluid flow in crushed ore is that collapse of the agglomerated ore 

structure may occur because the binding forces, especially surface tension, are overcome by 

the saturation in the pores (Pietsch, 2002). Small ore particles may be detached from the 

agglomerated pellet and migrate into adjacent pore space due to gravity. The rearrangement 

of particles gives rise to a more compact structure, clogging and reducing the hydraulic 

conductivity of the pore space. With increasing saturation, the structure breaks down, and 

consolidation begins from the top to the bottom. For this reason, even with agglomeration, ore 

settlement or slumping occurs. Solution flow will be limited in zones with higher degree of 

collapse due to the reduced hydraulic conductivities. Under these conditions, a large portion 

of flow will be diverted to higher hydraulic conductivity zones, where collapse might still 

occur since the flux is still high and some small pores will saturate. The zone directly below 

the emitter collapses, diverting the flow outside of this zone. 

 

3.1 Steady-state irrigation with no ramp-up 

When a larger initial irrigation rate is used, the solution flux rates near the drip emitter are 

very high (38 mL/min) because the solution has not spread out over the surface of the ore to 

bring the flux rates towards the target rate of 9.1 L/m2/h (2.8X10-4 cm/sec). As discussed 

above, the local flux rates are expected to decrease with depth as the wetting front migrates 

downward. However, this may not happen uniformly or to a significant extent for highly 

heterogeneous media such as crushed ore used for heap leaching.  This may lead to increased 

flow bypassing and greater ore collapse, thereby reducing overall ore leaching efficiency. 



23 
 

 

3.2 Pulsed ramp-up irrigation 

The use of lower irrigation rates would be anticipated to improve leaching efficiency. 

However, slow continuous irrigation is not practical in heap leaching because the needed 

lower pressures are out of the range with which drip emitters operate. Instead, in order to 

apply lower rates, operators use the steady-state target rate for determined periods of time 

and then stop the irrigation. For example, for a rate of 1/16th of the target irrigation rate, they 

might irrigate with the target rate for 0.5 h and stop the irrigation for 7.5 h, in 8 h cycles. 

Using this example (starting with 1/16th of the target irrigation), the first half hour would 

be the same as the no ramp-up case: high flux values at the top, might result in bypassing the 

material with low hydraulic conductivity (fines); at increasing depths, more capillary forces 

would pull the solution into small pores; if the 0.5 h of irrigation is enough for the solution to 

saturate small pores, agglomeration break-up would only occur at shallow depths, resulting in 

localized ore collapse. After the irrigation is stopped, gravity still drives the flow toward the 

bottom of the heap but is slowed down by lateral spreading due to capillary suction. In this 

off-irrigation period, drainage occurs, starting with larger pores that cannot retain the 

solution. As the solution that is drained travels deeper, and at a smaller flux than the wetting 

period, more small pores at higher depths pull that solution, spreading it laterally, and 

slowing down the wetting front even more. This process occurs during the 7.5 h that the off-

irrigation period lasts. When the irrigation is reinitiated, the solution encounters a wetter 

porous medium, with slightly lower suction and less spreading, but higher hydraulic 

conductivity than in the initial irrigation phase. The flow is now carried by more small pores. 

The process is repeated for the following 8 h cycles, but at slightly higher saturation and 

hydraulic conductivity, and with lower suction and spreading in each cycle. 

A similar process takes place for the following ramp-up phase, in which an emulated higher 

rate is used. In this case, this means ramping-up to a 1/8th of the target rate, which can be 

achieved with 0.5 h of irrigation at the target rate and 3.5 h of no irrigation. Since the first 0.5 

h of the initial phase of this step is the same as in the no ramp-up case and the first phase of 

the ramp-up, no differences are expected other than higher solution content, and the resulting 

higher hydraulic conductivity. However, there is a shorter drainage period, with less solution 

distribution than in the off periods of the first phase of the ramp-up. The increase in 

saturation is then maintained, leading to higher hydraulic conductivity in the smaller pores. 
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Subsequent ramp-up steps will encounter higher saturations, but with a much larger 

distribution than in the no ramp-up case, until it eventually gets to the target irrigation rate, 

with no interruptions.  

Ore agglomeration is maintained with the ramp-up because saturation of small pores is not 

achieved. Zero or positive matric potential values are avoided by distributing the solution in 

more pores. Even when the target irrigation rate is reached, matric potential is maintained 

negative. In this target phase, flow might occur in both large, and small pores because the 

irrigation rate might be higher than the hydraulic conductivity of some of the fine material. 

Additionally, suction is low enough for gravity to play a more important role in the (vertical) 

flow. Although more solution is distributed laterally, compared to the no ramp-up case, flow is 

more localized below the drip emitter as better permeability is maintained all over the heap 

or, in this study, the column. 

Using a continuous irrigation rate for slow ramp-up would result in a lower irrigation rate 

that could reduce flow bypass and could lead to better solution distribution due to capillary 

forces. We would expect ore collapse to be even more limited than in the intermittent 

irrigation case. This scenario would be ideal for heap leaching, however is not operationally 

feasible. 

A faster ramp-up results in a scenario that falls between the no ramp-up and the slow 

ramp-up scenarios. For example, starting the test with 1/8th of the target rate, instead of 

1/16th, and/or ramping-up to the next phase in a shorter period (as is done in this study), 

results in more ore collapse and lower permeabilities than the slow ramp-up case. The shorter 

drainage periods and higher effective fluxes allow for the solution to saturate more pores, and 

bypass low hydraulic conductivity zones, compared to the slow ramp-up. 
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4. Methods 

Two ore samples were provided by two different mines for tests and experiments. The aim 

was to use material that was known to have permeability constraints, therefore it was 

necessary to know the hydraulic properties of these materials prior to using them in the large 

column experiments. The amount of sample provided from each ore type was enough to run 

only 1 experiment, which would be a limited number of tests in order to have robust and 

comparable results.  For this reason, we decided to use a mix of the two ores for the 

experiments. Preliminary hydraulic tests were performed on each ore and on a combination of 

both, the mix ratio of which was calculated based on the availability of each ore type. 

4.1 Physical properties 

Both samples were first sieved using a #10 mesh to ensure the >#10 and <#10 ratios from 

subsampling process. Four subsamples of approximately 10 kg were prepared for each ore 

sample by the method of coning and quartering (Schumacher et al., 1990) for both >#10 and 

<#10 portions of the ore sample. One subsample was used for particle density and particle size 

distribution (PSD) measurements, and the other three were used for saturated (Ksat) and 

unsaturated hydraulic conductivity (Kunsat). 

Particle densities were obtained using a water pycnometer (ASTM, 2000). Each passing #10 

sample was split to get 10g. The sample was poured into the flask and weighed, then distilled 

and deaired water was added until half the flask was filled. The uncovered pycnometer was 

placed on an electric stove on medium heat for 10 min. It was let cool for 30 min and filled with 

water just below the calibration line. It was placed in a cooler overnight and then placed on a 

scale and filled with a 3 mL pipet until the bottom of the meniscus was even with the calibration 

line. The volume to obtain the particle density is the difference in weight between the 

pycnometer filled with water and the pycnometer filled with water and ore. 

PSD’s were obtained by sieving through the meshes with numbers: 1, 3/4, ½, 3/8, ¼, #4, #8, 

#10, #16, #30, #40, #50, #100 and #200, and weighing each sieve. The material that passed the 

mesh #10 (smaller than 2mm) was used for hydrometer testing. The steps for this test are as 

follows. The sample is mixed with 250 mL distilled and de-aired water and 50 mL of dispersing 

agent (10% sodium hexametaphosphate) and left overnight in a covered container. A 

mechanical mixer is used to stir the sample and is then poured into a graduated cylinder. The 

cylinder is filled with distilled water up to the 1 L mark. A control tube was prepared with the 

same amount of dispersing agent, but without sample. The tubes with sample were mixed well 
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and left to settle. Hydrometer measurements were read in the control and sample tubes in times 

30s, 5 min, 90 min, and 24h after settling started. A #200 sieve was saturated, and the contents 

of the cylinder were emptied into it. This material was rinsed in the sieve and transferred into 

a tared tin. The sample was oven dried for 24 hours. The dried material was sieved with 3” sieve 

stack with a mechanical shaker (#10, #16, #30, #60, #100, and #200). Weighs of each sieve 

with material were recorded (ASTM, 1998). 

4.2 Agglomeration 

Acid curing and agglomeration were performed on all samples for hydraulic testing and in 

big columns in 5 gallons (20 L) cement mixer. The agglomeration was performed on 15 kg 

charges of the mixed ores, by slowly adding raffinate with a spray bottle while the mixer was 

on until a gravimetric water content of 6% was achieved. This was controlled by weighing the 

bottle. Concentrated sulfuric acid was also added for curing. The curing rate for all samples was 

6 kg/ton (6 kg of sulfuric acid per ton of ore). The procedure took between 15 to 20 min, until 

the small particles were visibly stuck to the large particles (Figure 4). 

Figure 4. Left: Mixed material in the cement mixer before agglomeration. Right: Agglomerated 
material in cement mixer. 
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4.3 Hydraulic properties 

4.3.1 Ksat 

Falling head tests were performed in cores of 2 in in diameter and 6 in in height using the 

material that passed the mesh #10, with light and heavy packing schemes. They were treated 

separately to address the effect of bulk density on saturated hydraulic conductivity. The cores 

were packed in 6 lifts each to have a good control on the bulk density. Ore 1 was packed at 1.67 

and 1.77 g/cm3; Ore 2 was packed at 1.62 and 1.76 g/cm3. Then, the cores were saturated 

overnight from the bottom with raffinate. The cores were connected from the bottom to a 

vertical graduated tubing and filled with raffinate. The outflow was located at the top of the 

cores, and the height difference was measured with respect to that level. Head measurements 

were taken every 30 min, until head difference measurements were consistent. Saturated 

hydraulic conductivity (Ksat) was calculated from Darcy’s law in the form (Reynolds and Elrick, 

2002): 

𝑣𝑜𝑙

∆𝑡
= −𝐾𝐴

𝐻

𝐿
 

𝑎∆𝐻 = −𝐾𝐴
𝐻

𝐿
∆𝑡 

𝐾 =
𝑎𝐿

𝐴∆𝑡
ln

𝐻1

𝐻0
 

Where, 

a is the vertical tubing cross-sectional area 

A is the cross-sectional area of the sample 

H1 is the initial head at the time step t 

H0 is the final head at the time step t 

L is the length of the sample, and 

∆t is the time period 
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Constant head tests were performed on agglomerated ore using 6 in in diameter and 12 in high 

cores with dual wall. Dual wall tests involve injecting water between an outer rigid wall (PVC) 

and an inner flexible wall (neoprene) to simulate overburden pressure at different depths 

within the leach pads. The tests were performed for agglomerated Ore Mix sample. They were 

packed in 6 lifts to have a good control of the bulk density (1.5 g/cm3). The core was saturated 

with raffinate. An inflow constant head tank was connected to the inlet at the bottom of the 

core; the tank was continuously filled with a pump; the overflow solution was returned to the 

inflow reservoir. An outflow constant head tank was connected to the outlet of the core. Head 

difference was set by elevating the inflow constant head tank with a graduated bar and verified 

with a laser level; it was raised until the solution was flowing out of the outflow tank. The 

outflow solution was measured by weighing it in 1 min periods; 5 outflow measurements were 

done to ensure equilibrium, and they were averaged. The procedure was repeated for 1, 3, 5, 

10, 15 and 20 psi of wall pressure. For each pressure step, the set-up was maintained for 15 to 

30 min, to let it reach equilibrium, and the inflow head was elevated and recorded until solution 

was flowing out (ASTM, 2004). The set-up can be seen in Figure 6. 

 

Figure 5. Falling head hydraulic conductivity tests on passing #10 material of Ore 1 and Ore 2, 
at two different bulk densities. 
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4.3.2 Kunsat 

Two unsaturated hydraulic conductivity tests were performed using a modified method 

from dual wall cores of 6 in in diameter and 12 in high (ASTM, 2004; Gesoystems Analysis Inc., 

2004). An irrigation head with 12 25-gauge hypodermic needles was used to uniformly irrigate 

the cores, assisted by a peristaltic pump. The cores were hung and leveled from Loadstar 

Sensors® 50lb S-load cells to monitor solution content over time. Two tensiometers were 

placed at depths 10 and 20 cm in each core to monitor suction over time. Two irrigation rates 

were used for the tests: 4.88 mL/min and 0.59 mL/min (equivalent application rate: 16.1 and 

2.0 L/m2/h, respectively). Steady state was assumed when the weight of the core was stable. 

Air was injected into the bottom of the core using the Alicat air flow controller and the 

backpressure is recorded with a high sensitivity Honeywell 26PC series differential transducer 

(full range +/- 13 mbar). Darcy’s Law was used to get air permeability. After the air permeability 

tests, water was injected between the rigid and flexible walls to achieve the following wall 
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Figure 6. 6-in Ksat test set-up. 
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pressure step. The pressure steps used were: 0, 69, 207, 345, 690, 1035, and 1380 mbar (Figure 

7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 Moisture retention curve tests (MRC) 

The moisture retention curve was of the agglomerated ore mix was obtained with the 

standard method from ASTM method 6836 – 02 (ASTM, 2008). Two 6-in diameter tempe cells 

were packed with agglomerated ore with two bulk densities: 1.6 (Low BD) and 1.7 g/cm3 

(High BD). This was expected to represent the ore at the final stages of the large column tests. 

However, the both cores settled after saturation, and the actual bulk densities after first 

drainage phase were 1.74 and 1.78 g/cm3, respectively. The core was saturated with raffinate, 

and the volume of solution was recorded. The core was first drained by placing the outflow 

bottle connection (outflow tubing) at the same pressure head as the bottom of the packed ore. 

The bottle was weighed until the percent difference in flow rate was less than 2%. Then the 

bottle was lowered to the next negative pressure step (Figure 8). The pressure steps were 0, -

Figure 7. Kunsat tests set-up. 

Outflow 

tube with 

fiberglass 

wick 

Tensiometers 

cables 

Inflow 

reservoirs 

Rubber 

liner 

PVC 

core 

PVC base 

Hose 

clamps 

Perforated 

PVC plate 

Press

ure 

tubing 



31 
 

2.5, -5, -10, -40, and -125 cm. The process took two weeks. The difference between the initially 

injected solution and the solution in the bottle at each pressure step is the solution content. 

An additional data point at air-dried condition for the curve was obtained with a Decagon 

WP4 Dewpoint PotentiaMeter®. Hydraulic (van Genuchten) parameters were obtained with 

the USDA-ARS software RETC (van Genuchten, Leij and Yates, 1991), using a Mualem 

hydraulic conductivity model.  

4.4 Large column tests 

A column of 53.8 cm in diameter and 1.5m high was used to perform 4 experiments. They 

were packed with cured and agglomerated ore in 15-kg (dry weight) lifts to have control on the 

desired bulk density (1.5 g/cm3). Each lift was distributed homogeneously in the column and 

packed to the desired density with a metallic cylinder. The column was cut in three sections of 

0.5 m high to facilitate packing and unpacking. Seams were sealed with rubber liner on the 

outside and secured with large hose clamps. Column Test 1 served as the baseline; it was 

irrigated at the target irrigation rate continuously: 9.1 L/m2/h.  

Irrigation emitters (drippers) work by applying specific pressures in the irrigation lines, but 

the range of pressures in which the emitters can efficiently operate is not large enough to 

sustain the ramp-up scheme used in this study (personal communication with leaching 

operator and emitters supplier). To emulate the emitters operation in heap leaching sites, the 

Figure 8. MRC test set-up. 
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irrigation ramp-up in this study was applied with intermittent schedules, i.e. by turning the 

pump on and off as showed in Table 1.  The on and off schedules were achieved by connecting 

an analog peristaltic pump Masterflex® Pump drive Series 400 to a programmable timer switch 

(Nearpow®), while the flow setting in the pump was kept at the target rate (0.6 GPH, 38 

mL/min). 

Table 1. Irrigation rates applied in Tests 2 and 3 during ramp-up. 

Scheme, 

fraction of 

the target 

irrigation 

rate 

Equivalent 

application 

(irrigation) 

rate (L/m2/h) 

Time on (h) Time off (h) 

1/16th 0.57 0.5 7.5 

1/8th 1.14 0.5 3.5 

¼ 2.28 1 3 

½ 4.56 1 1 

½’ 4.56 4 4 

Full rate 9.12 Continuous - 

 

Test 2 was irrigated with the following schedule during ramp-up: 1/16th for 48 h, 1/8th for 

48 h, 1/16th for 16 h, 1/4 for 24 h, ½ for 24 h, ½’ for 24 h, followed by the continuous target 

rate of 9.1 L/m2/h. Test 3 was irrigated with the schedule: 1/8th for 25 h, 1/16th for 23 h, 1/8th 

for 24 h, ¼ for 24 h, ½’ for 24 h, followed by the continuous target rate of 9.1 L/m2/h. 

4.4.1 Mass balance 

Flow rate was measured by solution level difference in the inflow reservoir, converted to 

volume from the height in a cylindrical container of 30cm in diameter. Due to limited solution 

supply, the solution had to be recycled and reused for the test. The inflow reservoir was refilled 

with the outflow solution once or twice every day during the test. 

Outflow was measured in three different ways: 1. A 3D-printed tipping bucket was placed 

on the outlet, with a modified design (3Dkanjers, 2016). The raffinate splashed all over the 

tipping bucket, and crystalized (precipitated) obstructing the tipping movement; the tipping 

bucket had to be cleaned every day. The instrument was printed in a 3D printer, with a filament 

that was too thick for the dimensions of the tipping bucket, which also limited the movement. 

2. A 5-gal jug was used to collect the outflow twice a day and to refill the inlet reservoir. The jug 
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was graduated manually (calibrated) and double checked by pouring known volume of water 

and drawing a line at known volume levels. 3. Since the outflow solution was reused for 

subsequent cycles, the outflow was also measured by the level difference in the inflow 

reservoir, when refilled. This method was chosen to track the storage (outflow-inflow) since it 

had the best precision (1mm height in a cylindrical container of 30cm in diameter ~ 35mL). 

The optimized solution budget for each test was calculated using the combined information 

from all three methods above.  

The large column set-up is shown in Figure 9. 

 

Figure 9. Large column instrumentation set-up. 



34 
 

4.4.2 Moisture 

Ore moisture content was measured with three different methods to increase resolution, 

precision and certainty for data analysis.  

Nine capacitance soil moisture sensors Decagon 10HS were installed at depths 0.15, 0.30, 

0.45, 0.60, 0.750, 0.90, 1.05, 1.20 and 1.35 m. The sensors’ cables were pulled along the 

column wall to minimize the interference. A Campbell CR10X data logger was used to record 

the data every 5 min. In the third test, 9 additional sensors were used to assess the lateral 

spreading. Three of these were installed at depths 0.45, other three at 0.90, and the last three 

at 1.35 m. They were placed near the edge of the column at positions north, southeast and 

southwest and were aligned pointing toward the center to cover a range of 15cm from the 

wall. To account for the high salinity of the leaching solution, and the medium properties, the 

sensors were calibrated using the same ore mix and raffinate used in the column experiments. 

A sample was oven dried to get the moisture content at air dried conditions. The air-dried 

sample was packed in a container of 23.0 x 7.2 x 9.5 cm, by filling it to less than half, then the 

sensor was buried horizontally, and the other half was filled with the rest of the sample. Three 

compaction levels were packed at each gravimetric water content (light, intermediate and 

heavy). The bulk density of each level was calculated by measuring the height of the sample in 

the container. The voltage (mV) measurements were noted for each compaction level. 

Subsequent GWC steps were done by adding raffinate until approximately a 3% increase was 

reached. The process was repeated until 20% GWC was achieved (Figure 10). The calibration 

curve was obtained by calculating the VWC and associating it with the corresponding voltage 

measurements. An equation was found by linear regression, obtaining an average error of 

1.92% in VWC, compared to 3.63% with the predetermined equation. 
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A neutron CPN 503 Hydroprobe was used to take measurements from outside the columns. 

A structure made of steel that was previously used for a similar study, was modified to 

increase protection from neutron and gamma radiation. A triangular box made from lead was 

built around steel structure and borated paraffin (United Nuclear, Inc.) was poured in it. A 

window of ~25 cm x ~3 cm allowed the probe to emit neutrons and detect the thermal 

neutrons Figure 11. Checking for leaks was made with a gamma ray Geiger counter. A neutron 

and gamma ray dosimeter was worn whenever the probe was used. Measurements were 

made at various stages of the experiment at 0.24, 0.745, 1.145, and 1.27 m from the top of the 

column, each from four different directions (cardinal directions). Additionally, measurements 

were made from one direction (East) every 10 cm, to obtain a more detailed profile. This was 

not done for all directions to minimize radiation exposure and measurement time. 

 

 

 

 

Figure 10. Decagon 10HS sensors calibration, and volume 
of measurement. 
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Twenty-eight stainless steel electrodes were installed in the column to obtain electrical 

resistivity profiles and create two-dimensional tomographic snapshots. Thirteen electrodes 

were placed on opposite sides of the column every 11.5 cm. Two additional electrodes were 

placed at the center on each end of the column. A SuperSting® electrical resistivity meter with 

a 28-electrode switchbox was used with an array similar to the dipole-dipole array in cross-

borehole acquisition.  The array created 576 unique resistance measurements.  The 

numerical-based least squares optimization program, RES3DINV, was used to invert the raw 

electrical voltage and current to produce images with the spatial distribution of electrical 

resistivity. Figure 12 shows the sensors placement when packing the column and the ERT 

electrodes set-up.  

 

Figure 11.Left: Neutron probe shield structure building. Center: Neutron Emission/sensor window. 
Right: Set-up for neutron probe measurements. 
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4.4.3 Tensiometers 

To better understand the soil-water (ore-raffinate) characteristic curves behavior, the 

dielectric moisture sensors were paired with installed tensiometers built in the GSA laboratory. 

Data from these sensors was also stored with a Campbell Scientific CR10X data logger 

4.4.4 Ore Sagging/Consolidation 

Ore collapse was assessed by measuring the depth difference from the original packed 

surface inside the column. In Test 1 the column center and 3 other outer locations were 

monitored.  Depths from a reference height were measured approximately every hour for the 

first 6 hours, and a few more were taken while the test continued. For Tests 2 and 3, depths 

were tracked in a more comprehensive manner. Ten locations were monitored across the 

column area. Five were along the West-East center axis and five along the South-North center 

axis. 

4.4.5 Tracer test 

Tracer tests were performed on the three experiments once steady state was achieved. This 

was done to obtain transport parameters estimates in each case. The commonly used tracers 

do not work well due to the large concentrations of metals and ions in the raffinate solution. 

Figure 12. Left: Packing ore lifts, sensors placement, and ERT electrodes set-up. Right: Almost fully packed 
column, showing ERT electrodes set-up and sensors cables. 
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Boron had been used in a previous study (Peng, 2009) with this type of material, and was 

selected for this study. 

Soprtion tests were made in batch to obtain the distribution coefficient Kd of boron as a 

tracer in crushed rock, using a sulfuric acid solution (Raffinate, H2O4 <13%) as the fluid phase. 

Two different ore types were used with six different boron concentrations using potassium 

tetraborate tetrahydrate as the reagent; tests were done in duplicates. Only the material 

passing #10 mesh was used. The ore to solution ratio was kept 1:4 at approximately 25g of ore 

and 100mL of solution. The mixtures were shaken at a rate of 3000 rpm in a shaker table for 48 

hours. The samples were centrifuged for 20 min and an aliquot analysis was performed by the 

Arizona Laboratory for Emerging Contaminants (ALEC) with mass spectrometry with a Perkin 

Elmer ELAN DRC-II equipment. Detection limit for boron is 1.22ug/L. 

The tracer solution was prepared in a 200 L plastic drum from a stock solution. The 

concentration was 100 mg/L. The test started after the system achieved steady state and no 

solution storage change (inflow=outflow), and the material was no longer collapsing. The 

injection duration was set at 2.11 pore volumes for Test 1. Samples were collected with a 

sample collector every hour for the first 1.50 days, and every 2 hours for the rest of the test. 

Elution (injection with no tracer in solution) lasted 6.38 PV. Tests 2 and 3 were intended to be 

kept at the same injection duration. However, due to fluctuations in mass balance calculation at 

the time of the test, the actual injection durations in tests 2 and 3 were later calculated as 2.74, 

and 2.53 PV, and the elutions lasted 3.58 and 3.96 PV, respectively.  

Inverse modeling of the breakthrough curves is presented in Appendix A. 

4.4.6 Dye test 

After the tracer test was finished, dye Blue FD&C 1 was injected at a concentration of 1 g/L. 

After approximately two pore volumes, the irrigation was terminated. 
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4.4.7 Column unpacking 

The column was drained by gravity. The column was unpacked by removing 10 cm of 

material in each step and taking photographs to capture the dye distribution in each depth. 

GWC samples were taken in the center, four at the edge of the column (one at each cardinal 

direction) and other four between the center and the edge, every 20 cm vertically. In Test 2 bulk 

density samples were taken with PVC cores of ~10cm in diameter, and ~10 cm high, in order 

to verify the calibration. The cores were hammered down near the moisture sensors. While 

doing this, the material inside the core collapsed due to the vibration from the hits, so they were 

buried until the material from outside the core was leveled with the core rim. The core was 

recovered by carefully removing the material around it. Then, it was weighed and the material 

inside it was oven dried to obtain dry bulk density. In Test 3, bulk density samples were taken 

in the center and at the four positions edge of the column, every 20 cm vertically (Figure 13).   

4.4.8 Ore bulk density distribution - Test 4 

A fourth test was carried out to check for reproducibility and to have a better assessment of 

the bulk density distribution in the column. Test 4 mimicked Test 1: no ramp-up was used and 

the same irrigation rate was used. No sensors were installed. Since no fresh ore was available 

for this test, the ore from previous tests was reprocessed and used. It was previously air dried, 

disaggregated, and re-agglomerated with the same methods as before. Ore settlement was 

measured with the same intensity as Test 2 and 3. Inflow and outflow was tracked in the same 

manner as previous tests. After approximately 35 h, the final ore level inside the column was 

Figure 13. Unpacking, bulk density and GWC sampling. 
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achieved and after 48 h, dyed raffinate was injected for 2 pore volumes. No subsamples were 

taken. Instead, all of the ore was weighed in each depth. Each depth portion was divided in 5 

sections, the center section and four sections (cardinal directions) from the outer, less compact 

part (Figure 14).  Ten depth intervals were evenly divided from the whole column length and 

recorded for each section to estimate each individual volume. All the ore was air dried 

separately and weighed before and after drying. A representative subsample of each air-dried 

section was taken to oven dry to obtain a GWC measurement. With this method, we had better 

control on the measurements and minimized error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Test 4 sampling for bulk density and GWC measurements. 
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5. Experimental results 

Results from physical and hydraulic properties tests are presented, as well as column and 

tracer tests. They are integrated to interpret the processes within the column and 

extrapolated to a conceptual model that can explain the behavior in heap leaching sites.  

5.1 Particle Size Distribution (PSD) 

PSD curves show that Ore 1 has a greater percent of large particles than Ore 2 and the Mix 

Ore is between both ores (Figure 15). Ore 2 has higher contents of silt and clay, which is 

expected to reduce permeability in this material. However, these properties may vary 

depending on factors like swelling clay content. The dashed line shows the change in PSD for 

Ore Mix sample after the sample was subjected to raffinate leaching in the Ksat test. It shows a 

considerable increase in fines which is indicative of decrepitation during leaching due to the 

action of sulfuric acid on the ore. The greatest change shown is between 0.0075 mm to 2 mm. 

Particles passing the 2 mm mesh size increased by 6.36%, which can have a significant effect 

in hydraulic properties. This increase in sand, silt and clay content resulted from raffinate 

solution contact for about 5 hours, thus, decrepitation may be higher for portions in the heap 

that are under irrigation for several weeks, or months. (Figure 15). 

 

 

 

 

 

 

 

 

5.1.1 PSD/Permeability indicator 

The PSD/Permeability Indicator is the ratio of coarse to fine particles, and it helps evaluate 

the potential for consolidation and low permeability in leach ore materials (Milczarek et al., 

2013). The indicator used in this study is obtained with the formula: 

Figure 15. Particle size distribution as passing percent vs particle diameter in 
mm. 
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𝑃𝑆𝐷 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟1 =
%𝑜𝑟𝑒 > #10 𝑚𝑒𝑠ℎ

%𝑜𝑟𝑒 < #100 𝑚𝑒𝑠ℎ
 

Or 

𝑃𝑆𝐷 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟2 =
%𝑜𝑟𝑒 > #4 𝑚𝑒𝑠ℎ

%𝑜𝑟𝑒 < #100 𝑚𝑒𝑠ℎ
 

Table 2. PSD/Permeability Indicators for Ores 1, 2 and Mixed. 

 
PSD/Permeability 

Indicator1 

PSD/Permeability 

Indicator2 

Ore 1 9.13 6.83 

Ore 2 2.19 1.32 

Ore Mix 3.67 2.49 

 

In both indicators, Ore 1 has considerably higher values than Ore 2, indicating higher 

coarse particles content compared to fines. In ores with permeability problems 

PSD/Permeability Indicator2 values are frequently < 2, which indicates that Ore 2 would have 

low permeability and the Ore Mix sample would have borderline acceptable permeability 

(Table 2). 

5.2 Particle Density Results 

Particle density results are presented in Table 3. 

Table 3. Particle density in ore samples. 

Sample ID 
Particle Density 

(g/cm3) 

Ore 1 2.76 

Ore 2 2.75 

Ore Mix 2.76 

5.3 Saturated Hydraulic Conductivity (Ksat) 

5.3.1 5.08 cm Diameter Core Falling Head 

Since these tests were performed with passing mesh #10, these results are important for 

ores where this fraction is dominant. If the passing mesh #10 fraction dominates, low 

hydraulic conductivities are expected. Ore 2 was expected to have lower Ksat values given the 

higher clay content. However, it showed slightly higher values than Ore 1. Actual packing bulk 

densities might have contributed to this. However, considering that typical K values in a 
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porous medium cover a wide range, both samples are considered to have approximately the 

same Ksat because they have the same order of magnitude. These Ksat values are considered 

to be low and bad for heap leaching pads (Table 4).  

Table 4. Results of the saturated hydraulic conductivity in passing #10 mesh in Ore 1 and Ore 2 samples. 

Sample ID 

Estimated Dry 

Bulk Density 

(g/cm3) 

Conductivity 

(cm/sec) 

Ore 1 low BD 1.67 4.5E-05 

Ore 1 high BD 1.77 6.3E-06 

Ore 2 low BD 1.62 2.7E-05 

Ore 2 high BD 1.76 8.1E-06 

5.3.2 15.2 Dual Wall, Constant Head Ksat  

Results from the agglomerated Ore Mix Ksat test in 15.2 dual wall cored showed values 

from 1.99 x 10-1 cm/s with no loading pressure (top of the heap) to 2.2 x10-3 cm/s with 18.74 

m equivalent loading pressure (Table 5). According to the condition by Milczarek et al (2013) 

of Ksat > 100X the target irrigation rate for good ore permeability, the criteria is set at 2.53 x 

10-2 cm/s for this study. Starting at a depth of around 5 m, the Ksat is below the ore 

permeability threshold (2.53 x 10-2 cm/s) the ore is considered to have permeability 

constrains, i.e. ponding and lateral flow is expected. Lower Ksat values are at the right in the 

graph in Figure 16. 

Table 5. Results from Ksat test in 6-in-dual wall core in the ore mix 

Sample 
ID 

Pressure 
Applied  

(kPa) 

Estimated 
Dry Bulk 
Density 
(g/cm3) 

Estimated 
Wet Bulk 
Density 
(g/cm3) 

Estimated 
Total 

Porosity 
(cm3/cm3) 

Estimated 
Heap 

Depth (m) 

Conductivity 
(cm/s) 

Ore Mix 

0.00 1.50 1.68 0.46 0.00 1.99E-01 

20.68 1.52 1.70 0.45 1.23 1.88E-01 

62.05 1.73 1.94 0.37 3.24 4.29E-02 

103.42 1.82 2.04 0.34 5.14 2.11E-02 

206.84 1.92 2.15 0.30 9.74 6.29E-03 

310.26 1.97 2.20 0.29 14.27 3.64E-03 

413.69 2.00 2.24 0.28 18.74 2.20E-03 
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Below an estimated depth of 1.23 m, bulk density increases with depth starting from a 

depth of 1.23 m, above this height the change is negligible, as well as the change in saturated 

hydraulic conductivity. This indicates, that in the first couple of meters, the flow should not 

have considerable variation due to overburden pressure. The pressure built at the top 2 m is 

not large enough to compress the structure and macropores are still present. Measurements 

characterizing locations between 2 and 10 m show a sudden increase in bulk density and 

decrease in Ksat. After 10 m, no further significant compaction is achieved and the Ksat keeps 

decreasing at slower rate. 

5.4 Unsaturated Hydraulic conductivity (15.2 cm Dual Wall Kunsat) 

The direct Kunsat test was performed at a low and high irrigation rates  agglomerated Ore 

Mix material to characterize the water content and pressure potential values at known flux 

rates. Overburden pressure increases the bulk density and decreases porosity as seen at both 

tested flow rates. The lower irrigation rate resulted in higher porosity (less consolidation) and 

higher water content than the high irrigation rate at the same loading pressure.  Another 

criterion for heap leaching efficiency is to maintain water contents below 0.60 solution 

saturation (Milczarek et al., 2013). This threshold is surpassed at around 18 m deep at the 

high irrigation rate, and it is considerably higher than that of the low irrigation rate (Figure 

17).  

 

 

 

 

Figure 16. Bulk density and saturated hydraulic conductivity behavior with increasing depths in a heap. 
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Table 6. Results for the Kunsat test in the Ore Mix sample. 

 

Kunsat results show good conditions for leaching in terms of permeability. Solution 

content (VWC in this study) increases from 0 to 6 m deep and remains the same at higher 

depths. The Ore Mix is capable of retaining the solution in the structure at high irrigation rates 

at less than 0.20 cm3/cm3. The third criterion for leaching efficiency is an air permeability of 

at least 100 darcys assuming oxygen is needed for leaching process. The air permeability 

shows decreasing values with heap depth. After depths of approximately 7 m and 13 m for 

low and high irrigation rates respectively, the permeability is lower than the 100 darcy limit.  

Irr. Rate 
(l/m2/h) 

Kunsat (cm/sec) 
Bulk 

Density 
(g/cm3) 

Depth in 
Heap (m) 

Porosity 
VWC 

(cm3/ 
cm3) 

Air 
Porosity 

(cm3/cm3) 

Solution 
Sat. 

Air Ratio  
(Air 

Porosity/ 
Total 

Porosity) 

Air Permeability 
(Darcy) 

16.12 4.48E-04 

1.50 0 0.46 0.12 0.34 0.25 0.75 610 
1.57 1 0.43 0.14 0.29 0.32 0.68 560 
1.70 3 0.38 0.16 0.23 0.41 0.59 190 
1.76 5 0.36 0.17 0.19 0.47 0.53 272 
1.86 10 0.33 0.18 0.14 0.56 0.44 29 

1.91 15 0.31 0.18 0.13 0.58 0.42 
Out of sensor 

range 

1.96 19 0.29 0.18 0.11 0.62 0.38 
Out of sensor 

range 

1.96 5.44E-05 

1.50 0 0.46 0.10 0.36 0.22 0.78 582 
1.56 1 0.43 0.11 0.32 0.27 0.73 553 
1.68 3 0.39 0.13 0.26 0.34 0.66 484 
1.73 5 0.37 0.14 0.23 0.37 0.63 378 
1.82 10 0.34 0.14 0.19 0.42 0.58 167 
1.87 15 0.32 0.15 0.18 0.45 0.55 70 
1.91 20 0.31 0.14 0.16 0.47 0.53 26 

Figure 17. Variability of total porosity and volumetric solution content with depth in the heap. 
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The three data points obtained from the Ksat and Kunsat tests were used to fit K (Log K) vs 

VWC curves with the van Genuchten-Mualem conductivity model using RETC (van Genuchten 

et al., 1991). The results are presented in Figure 19. The low and high bulk density curves not 

only represent the unsaturated hydraulic conductivity behavior at different depths in the 

heap, but also the Kunsat at different bulk densities. Typical sand and loam curves are 

presented for comparison. The high variability in particle sizes (and pore sizes) in the mixed 

agglomerated ore, and especially the macropores in the structure yield higher hydraulic 

conductivities than the loam and sand at similar bulk densities. Moreover, the finer pores in 

the agglomerated structure give the medium a higher residual solution content; solution 

residing in the pores due to capillary forces do not contribute to the flow and thus have lower 

K values compared to the sand at water content lower than 7-8 %. 

The agglomerated Ore Mix, which was used for the large column tests, has good 

permeability properties at shallow depths in the leaching pads. At depths greater than 5 m, 

the first criterion (100x irrigation rate for Ksat) fails, the saturation ratio criterion seems to 

pass the tests at almost all depths, and the air permeability criterion fails at 7 and 13 m deep 

for high and low irrigation rates, respectively. The relatively high fines content (clay and silt) 

may contribute to permeability constraints at depths deeper than 5 m. These results show 

that the ore may have some permeability problems and can be considered marginal in terms 

of the suitability for efficient leaching at heap heights deeper than 5 m. 

 

 

Figure 18. Variability of saturation and air permeability with depth in the heap. 
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5.5 Moisture retention curve (MRC) 

Moisture retention curves for low and high bulk densities in the agglomerated Ore Mix, 

obtained from fitting with the van Genuchten-Mualem model in RETC (van Genuchten et al., 

1991) are shown in Figure 20. Typical sand and loam MRC’s are shown for comparison. The 

MRC data show higher saturated volumetric water contents in the low-bulk density sample, 

similar to that of loam and sand, whereas the high-bulk density sample has a lower saturated 

water content. Both samples show similar residual solution content, which are in between 

those of the loam and sand. Given that the residual solution remains in small pores due to 

capillary forces and assuming that the agglomeration is conserved, the corresponding 

asymptote should be the same or similar between bulk density schemes; this is consistent 

with the modeled curves. Moisture contents decrease at lower suction values than sand and 

loam because the gravel and agglomerated structure has more larger pores that drain faster. 

Although the agglomerated Ore Mix sample has large pores than loam and sand, it also has 

smaller pores and large variability in the pore size distribution. 

 

 

Figure 19. Fitted Log K vs VWC curves for the Ore Mix at low and high bulk densities. Typical sand and loam 
curves are presented for comparison. 
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The van Genuchten parameters for the curves are: 

Table 7. van Genuchten moisture retention fitted parameters 

Sample 
θr 

(cm3/cm3) 
θS

 

(cm3/cm3) 
Ksat (cm/s) α (1/cm) n [-] L [-] m [-] 

Ore Mix Low 
BD 

0.0367 0.422 0.1988 3.7171 1.2187 0.5 0.1795 

Ore Mix High 
BD 

0.0337 0.4042 0.0429 1.8425 1.2348 0.5 0.1902 

Clay 0.068 0.38 5.55 X 10-5 0.008 1.0900 0.5 0.0826 

Loam 0.078 0.43 0.0029 0.036 1.5600 0.5 0.3590 

Sand 0.045 0.43 0.0083 0.145 2.68 0.5 0.6269 

 

Figure 20. Moisture retention curve for the Ore Mix at low and high bulk densities. Typical clay, loam 
and sand MRC’s are presented for comparison. 
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5.6 Large Column Test Results 

5.6.1 Mass balance 

Figure 21 shows storage from mass balance.  Some variability can be observed in the mass 

balance results. In Test 1, the outflow couldn’t be measured during the tracer test, therefore 

no storage is presented during that period. The storage was higher than 30 L at first, and then 

it decreased relatively fast. Although during this period (100 to 200 of solution applied) 

additional slumping was not observed, compaction may have still been the cause of this loss in 

storage. After 200 L, storage stabilized and slightly increased from 25 to 27 L. Storage in Test 

2 increased slowly during ramp-up and had a sudden “jump” when full irrigation rate was 

applied. It experienced a second jump after tracer injection started. From there, it decreased 

slowly until the end of the test. Storage in Test 3 increased from 6.4 to 21 L during ramp-up 

and increased slowly from there. It had a relatively steady behavior during the tracer test 

(332 h to 502 h or 332 L to 925 L).  

 

 

 

 

Figure 21. Storage over time in Tests 1, 2 and 3. 
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5.6.2 Ore collapse (settlement) and ore bulk density 

As the solution traveled through the column, it weakened the agglomeration structure. 

Fine particles were segregated from large particles, and decrepitation took place to weaken 

the ore stacking structure. These processes cause the observed slumping in all tests. Figure 

22shows the change in depth in the ore for the three tests over time, for the first 9 days, and 

Figure 23 shows the same data, but with applied solution (L) as the X-axis, in order for the 

three tests to be comparable. Test 1 showed the most slumping, followed by Test 3 and Test 2.  

Test 1 also showed the fastest ore collapse, getting to its final depth at approximately 38 h, or 

69 L of applied solution. Test 2 reached its approximate final depth at 326 h or 430 L, and Test 

3 at 260 h or 375 L. Tests 1 and 3 showed differential collapse, having a very distinct 

settlement in the center portion versus the outer part of the column. Test 2 showed much 

more even settlement across the column surface. For this reason, there is only one settlement 

curve for Test 2. These results indicate that there is more destruction of ore structure with 

faster ramp-up schedules. Very slow ramp-up (Test 2) helped preserve the ore structure 

better.   

 

Figure 22. Slumping from original surface in Tests 1, 2, and 3 vs. over time in hours, during first 9 days. Haloed 
zones represent steps during ramp-up in Tests 2 and 3; zones without halo are in full rate. Error bars are one 

standard deviation of measurements. 
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Figure 24 shows the density profiles in all tests estimated from linear regressions. The 

regressions were made from bulk density sample results. As explained in the methods section, 

the material collapsed inside the cores while unpacking, and only some samples were 

considered to represent the actual bulk density.  

Test 1 showed the highest bulk densities in the center and out portions of the column: 1.6 

g/cm3 at the top (10 cm deep) and 2.20 g/cm3 at the bottom.  Test 2 showed no differential 

collapse and had the lowest bulk densities, from 1.50 to 1.68 g/cm3. Test 3 showed bulk 

densities at the top center of 1.50 g/cm3 and 1.88 g/cm3 at the bottom. 

 

Figure 23. Slumping from original surface in Tests 1, 2, and 3 vs time as applied solution. 
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5.6.3 Moisture (FDR sensors) and tensiometry 

Initial VWC values from the FDR moisture sensors indicate a range of 0.085 to 0.111 with 

an average of 0.100. Figure 25 shows the wetting front progression in the column from 

moisture sensors at 9 depths. The data shows that the solution traveled faster in the first 45 

cm than in the rest of the column, where the velocity was relatively constant. Higher bulk 

densities at higher depths that result from overburden pressure form smaller pore sizes, that 

can hold a smaller flux. The step-shaped curves, such as sensors at depths 15, 30, 75, and 135 

cm are interpreted to be the result of the collapse that the wetter material is experiencing.  

The second graph in Figure 25 shows the matric potential at the same depths as the 

moisture sensors. No significant response on matric potential is appreciable during the 

interpreted collapse periods. Only a couple of negative anomalies in tensiometer at depth 105 

cm can be correlated to two small collapse periods.  

Figure 24. Final dry bulk density profiles 
in Tests 1, 2 and 3 (Regression) 
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Moisture and pressure in later phases during the test can be seen in Figure 26. Significant 

variations can be seen in moisture content data from sensors at 45, 75 and 90 cm in the first 

150 h. Slumping data from sensors at 75 and 90 cm show a gradual increase after the tracer 

test started (235 h), showing the ponding behavior at these depths at the center of the 

column. Positive matric potentials confirm the local ponding at these depths, which was 

intensified by the ore collapse and low hydraulic permeabilities of the fine material.  

Figure 25. Top: Moisture during wetting front progression at 9 depths in Test 1, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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Test 2 moisture sensors data are shown in Figure 27. The wetting and drainage behavior 

from the ramp-up period can be seen. The solution didn’t come out of the column outlet until 

after the flow rate was changed to 1/8th of the target rate, this is until more than 48 h after the 

irrigation started.  Smooth curves indicate little or absent ore collapse, compared to Test 1. 

Moisture increased with every irrigation pulse, as more micropores were filled, and the 

increase was larger as the next faster irrigation rate started. As expected, suction increases 

(more negative matric potentials) as drainage occurs, and after the second day of ½ started, 

Figure 26. Top: Moisture at 9 depths in Test 1, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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the sensor at 105 cm deep seems to start ponding. The drainage from sensors at 30 cm deep is 

more intense than others probably because less compaction and ore collapse occurred at this 

depth. This is not the case for the shallower 15 cm sensor because the dripper is right above it 

and flux is high enough to wash out the agglomerated fines. This could not be verified with the 

tensiometer because it failed (reservoir detached), and no data for it was obtained. After the 

ramp-up period, moisture slightly increased (Figure 28). At 400 h, a short drainage occurred, 

which corresponds to the tubing blockage that occurred while making measurements with the 

Figure 27. Top: Moisture during wetting front progression at 9 depths in Test 2, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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neutron probe. The blockage lasted ~2 h, but no significant effect was detected after the event 

in any of the measurements. Moisture was steady, and no ponding was detected at later 

periods, as it did in Test 1. Overall the VWC (averaged sensors data) was ≈0.02 lower than 

Test 1, which is expected in a less compacted agglomerated ore, since less connected pores 

with solution are present in the same volume of measurement. 

 

Figure 29 shows the moisture and matric potential in Test 3, during the accelerated ramp-

up period. The accelerated ramp-up, i.e. the initiation with a higher irrigation rate resulted in 

Figure 28. Top: Moisture at 9 depths during Test 2, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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higher moisture from the start of the test, compared to Test 2. The exceptions are sensors 105 

and 135 cm, which had lower moisture from the start. After intense collapse and slumping 

was detected in the first day of 1/8th irrigation rate, similar to the collapse seen in Test 1, the 

1/16th rate was set to assess if changing the rate would assist in stopping the collapse. This 

was not the case, and so in at 48 hours, the 1/8th irrigation rate was set again. Although the 

curves seem smooth, there is some roughness in curves such as 105, 120 and 130 cm in depth 

in early times, and in 45, 60 and 75 cm deep in later times during ramp-up. The roughness is 

interpreted as differential collapse and compaction as explained for Test 1. 

Sensors at depths 15 and 120 cm showed lower VWC throughout the test. The one at 15 cm 

deep has these results due to its proximity to the surface, drying and a smaller degree of 

collapse. The sensor at 120 cm deep actually experienced a decrease in VWC, possibly due to 

the displacement of solution (see dye test results, Figure 38) and the wick suction at the 

bottom. Although more collapse was observed in this test, compared to Test 2, the VWC was 

stable, and little or no ponding was detected, as seen in Figure 31 from moisture and 

tensiometer sensors.  
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Figure 29. Top: Moisture during wetting front progression at 9 depths in Test 3, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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Average moisture in Tests 1, 2, and 3 are shown in Figure 31. Liters of applied solution are 

used as time units for comparison. Test 1 has the highest moisture, followed by Test 3 and 

Test 2 at last.  The wide range in Test 3 is due the low VWC in only the two sensors described 

above. 

Figure 30. Top: Moisture at 9 depths during Test 3, from moisture sensors. 
 Bottom: Matric potential from tensiometers, same depths as top graph. 
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5.6.4 Moisture (Neutron Probe) 

Moisture content data from neutron probe measurements are shown in Figure 32 and 

Figure 33. Figure 32 shows the VWC through time (as liters of applied solution) in Tests 1, 2 

and 3, from 4 cardinal directions at depths 74.5, 114. 5 and 127 cm bos. The data show spatial 

and temporal variability in moisture content. Making measurements from outside the column 

had not been practiced, and some method errors might be taking place. However, general 

trends can be seen in the graphs.  

At all shown depths, Test 1 showed the highest moisture content from the East direction 

100L of applied solution. East and West showed higher moisture content than the South and 

North directions, which is due to the flow being diverted to these sides of the column. All tests 

show similar moisture content throughout the test after ramp-up, in West, North and South 

directions. 

Figure 33 shows the moisture profiles as detected from the East, comparing all tests with 

similar volumes of applied solution. During the first 15 L (first four profiles), no significant 

difference between tests can be seen. Although higher moisture is expected at the bottom due 

Figure 31. Average (with minimum and maximum bands) solution content over time in Tests 1, 2 and 3, from moisture 
sensors. 



61 
 

to higher compaction, slightly lower moisture is seen. This may be due to suction from the 

wick drying out the interface at the bottom of the column. At the top of the column, moisture 

from all tests decreased in time during this period, possibly due to drying of the of uppermost 

ore material. From 60-70 L of applied solution, Test 1 showed the highest moisture content at 

depths from 70 cm to the bottom. This is also the result of the higher compaction observed in 

this test. The Test 3 profile showed the second highest moisture content over the duration of 

the test, with exception of the last stages, when all tests had very similar moisture contents. 

Tests 1 and 3 have lower moisture at the top of the column because they have higher degrees 

of settlement, and the measurement is closer to the ore-air interphase.  

The calibration used shows consistent data with the moisture content sensors considering 

that the moisture sensors are located at the center of the column.  The neutron probe has a 

detection range depending on moisture and distance from emitter. Differences between 

methods are attributed to these factors and the fact that diversion of solution flow was 

observed (dye test section), which may bring the solution closer/farther from the sensors.
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5.6.5 Test 4 (supplement of Test 1) 

Test 4 was performed in the same conditions as Test 1. Although it only lasted two and a 

half days, the data that was obtained was useful to assess reproducibility. Test 4 was 

monitored more frequently. Fewer data points in Test 1 (especially from hour 6 to 24) could 

result in an underestimation of the settlement velocity. However, ore in Test 4 did experience 

faster collapse than Test 1 although final depths are very similar.  Differences in the ore 

collapse rate may be due to the use of previously leached ore in Test 4, which could alter the 

agglomeration structure. The dry bulk density data was used as a proxy for Test 1, and also 

was used for checking the calibration of the moisture sensors and the Neutron Probe. 

 

 

 

 

Figure 34. Sagging from original surface in Tests 1 and 4.  
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Table 8. Results for Tests 1 and 4 at approximately 48 h in both Tests. *Values obtained from samples taken when 
unpacking the column 

  Test 1 Test 4 

C
e

n
te

r 
S

e
n

so
rs

 Initial avg θ  9.16 9.34* 

Final avg θ 17.53 19.15* 

Avg final Δθ 8.37 9.81* 

Mass 
balance 

Storage (L) 27.99 24.03 

P
h

y
si

ca
l 

p
a

r 

Dry mass used (kg) 524.53 522.57 

Sol used for aggl (L) 35.70 34.161 

Initial DBD (g/cm3) 1.52 1.52 

Avg depth difference (cm) 19.34 19.47 

Depth difference out (cm) 16.5 17.79 

Depth difference center (cm) 26.5 26.2 

Final Dry bulk density out (g/cm3) 1.73 1.73 

Final Dry bulk density center 
(g/cm3) 

1.87 1.91 

Final avg DBD (g/cm3) 1.77 1.75 

 

Dye was applied for Test 4, but since the material had already been used for previous tests, 

they were already dyed, and it was difficult to differentiate the ore dyed in this test or in the 

previous ones. In addition, sorption may be too small when dye is already present in the ore. 

Nevertheless, the gravimetric water content (GWC) from the samples taken at the end of the 

test suggest that the same flow behavior occurred as in Test 1. GWC’s from the outer samples 

are higher than in the center at higher depths (Figure 35). This means that the flow may have 

been diverted to the outside at depths below 70 cm bos in the column. 



66 
 

 

 

5.6.6 Electrical Resistivity Tomography 

Figure 36 shows electrical resistivity tomography (ERT) profile snapshots from Tests 1 

and 2, at different times, measured as volume of solution applied for comparison. The baseline 

snapshots show a zone of low resistivity (higher moisture content) in the middle of the 

columns, increasing gradually toward the bottom. This can be explained by higher overburden 

pressure at deeper depths and thus higher densities (See Section 5.4). Although the bulk 

density of each lift was carefully monitored when packing, there is general uncertainty due to 

the large column diameter. The densities that were estimated from packing heights do not 

show anomalies in this area. The low resistivity anomaly at the bottom of the column in Test 1 

might also be explained by the wet wick that was in contact with the electrode at the bottom 

center. For Test 2, the wick might have been dry by the time the snapshot was taken. 

Resistivity in Test 2 is lower probably due to higher initial densities, although the same bulk 

density was targeted. High resistivity along the North and South edges may be due to larger 

pores between the packed material and the ERT probes (column wall effect). 

Figure 35. Post-test GWC profile for Test 4 
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Subsequent snapshots show the wetting front progression. The solution seems to have 

traveled through the center of the column as shown by the low resistivity values. The red 

horizontal lines show where the moisture sensors detected the wetting front arrival by the 

time the snapshot was sampled. After approximately 2.39 and 2.69 L of applied solution in 

Test 1 and 2, respectively, the solution had arrived at a greater relative depth in Test 2 and a 

greater spread of low resistivity away from the center axis, suggesting more lateral, or 

uniform flow in Test 2. In the third set of snapshots, solution had almost arrived at the bottom 

in Test 2 and has larger area covered in the middle of the column than at the top and bottom. 

On the other hand, the solution spreading was irregular in Test 1, which had experienced 

collapse at the center. For the fourth set of snapshots, at around 13 L applied, both wetting 

fronts had arrived at the bottom, but Test 2 shows lower resistivities away from the center 

axis and more uniform distribution. The last 2 snapshots show that Test had low resistivities, 

similar to Test 2. However more intense collapse was measured (section 5.6.2) in Test 1, 

suggesting that the lower resistivities are produced by higher interconnection of pores at 

higher saturation due to a compressed structure. On the other hand, Test 2 has low 

resistivities due to more interconnected small pores in a less compact structure. 
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5.6.7 Dye test 

Figure 37 shows the depths vs the total dyed areas and Figure 38 shows the ore and the 

dyed portions at different depths.  Volumes of influence (dyed volumes) are 60.03, 50.93, and 

67.06 L in Tests 1, 2, and 3, respectively. 

Test 1 shows two main dyed areas. The central portion looks diffusely dyed starting form 

depth 30 cm, and the dye completely disappears from depth 50. A dark outer ring is 

noticeable from depth 30 cm and it continues toward the bottom. The collapsed center is no 

longer able to carry the flow or slow infiltration with short dye application period, and it 

diverts most flow to the areas where macropores were present. Nevertheless, limited and 

much slower flow may have still been present in the center at depths higher than 50 cm, as 

seen from moisture sensors data slowly increasing at the final stage, while no further 

settlement was observed (Figure 26 and Figure 22).  

Areas decrease after this depth in all tests. Two factors might be the causes for this. One 

possible cause is that the concentration of dye and/or the amount of pore volumes used for 

the dye injection were not sufficient for dye to migrate the full length of the column. Due to 

fresh ore availability, no Kd or retardation were measured for the dye. However, prior 

research has reported sorption of this dye by various porous media (Flury and Flühler, 1995; 

Perillo et al., 1998; Germán-Heins and Flury, 2000; Koestel et al., 2008). Interestingly, with the 

exception of the deepest moisture sensor in Test 2, there is correlation with the measured 

VWC’s in all tests with the dyed areas, i.e. the smaller the dyed areas, the lower the moisture 

detected by the sensors. Another possible contributing factor is that at the column bottom, the 

wick is diverting the solution to a small area.   

Test 2 shows a more stable flow volume throughout the column because it still has good 

agglomerated structure.  

Although ore settlement in Test 3 was similar to that of Test 1, the dyed areas show that 

the collapse in the center was not enough to reduce the permeability enough to divert the flow 

to preferential pathways around the center. The flow remained in the center portion, but, 

since it did have smaller pores, more lateral spreading occurred, as seen by the slightly larger 

dyed areas than in Test 2. Toward the bottom the flow moves to the Northeast. Although the 

decrease in areas did occur, it was not as significant as in Test 1 or 2 because the partial 

collapsed structure assisted the lateral spreading.  
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Figure 37. Depth from final surface vs dyed areas in 
Tests 1, 2, and 3. 
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Table 9. Main results from Tests 1, 2, and 3. 

  Test 1 Test 2 Test 3 

C
e

n
te

r 
S

e
n

so
rs

 

Initial avg θ (%) 9.95 11.01 10.08 

Final avg θ (%) 22.42 19.79 20.36 

Avg final Δθ (%) 12.47 8.84 10.28 

Mass 
balance 

Storage (L) 27.99 31.81 26.58 
R

a
m

p
 u

p
 

Start 1/16th (injected L) - 0 - 

Start 1/8th (injected L) - 5.019 0 

Start 1/16th (injected L) - 19.58 6.538 

Start 1/8th (injected L) - - 16.54 

Start 1/4 (injected L) - 22.125 16.54 

Start 1/2 (injected L) - 36.757 30.324 

Start 1/2 (injected L) - 70.769 - 

Start full (injected L) 0 99.526 57.468 

P
h

y
si

ca
l 

p
a

ra
m

e
te

rs
 

Dry mass used (kg) 524.53 508.51 485.39 

Sol used for aggl (L) 35.70 33.80 32.68 

Initial DBD (g/cm3) 1.52 1.50 1.46 

Avg depth difference (cm) 19.34 9.2 17.03 

Depth difference out (cm) 16.5 - 16.18 

Depth difference center (cm) 26.5 - 20.4 

Final DBD out (g/cm3) 1.87 - 1.67 

Final DBD center (g/cm3) 1.73 - 1.73 

Final avg DBD (g/cm3) 1.77 1.59 1.68 

5.7 Boron Sorption Batch Tests and Column Tracer Tests 

The boron sorption batch tests results are shown in the graph below (Figure 39). The 

obtained Kd coefficient form linear regression for both ores is ≈0.1. Since both ores presented 

approximately the same Kd value, the Ore Mix is assumed to have the same (Kd=0.1). 

Figure 39. Sorbed concentration vs final concentration in solution results from boron 
sorption tests.  
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Breakthrough curves for the three tests are shown in Figure 40. None of the tests was run 

long enough to get to a relative concentration (C/Co, concentration of samples to applied 

solution concentration ratio) of 1. Non-ideal behavior is present in all tests. Early 

breakthrough and tailing are observed in Tests 2 and 3. Tailing is also present in Test 1, but to 

a lesser extent. Temporal moment analysis is shown in  

Table 10. For Further analysis, see Appendix A. 

Table 10. Injection and elution times, and temporal moment analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Test 1 Test 2 Test 3 

B pulse duration (Pore 

Volumes) 
2.11 2.74 2.53 

Elution duration (Pore 

Volumes) 
1.90 3.58 3.96 

Zeroth moment µo 1.85 2.65 2.48 

First normalized 

moment µ1' 
1.93 2.20 1.89 

Second moment µ2 5.67 3.93 5.55 

 Test 1 Test 2 Test 3 

B pulse duration (Pore 

Volumes) 
2.11 2.74 2.53 

Elution duration (Pore 

Volumes) 
1.90 3.58 3.96 

Zeroth moment µo 1.85 2.65 2.48 

First normalized 

moment µ1' 
1.93 2.20 1.89 

Second moment µ2 5.67 3.93 5.55 

a) b) 

c) 

Figure 40. Boron breakthrough curves of Tests 1, 2, and 3 (a, b, and c, respectively) 
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5.8 Results overview 

5.8.1 Test 1 

The arrival of the wetting front is characterized by rapid change in the moisture content 

sensor data with a leveling off where moisture contents are paused or reduced. These 

coincide with times of sudden increases in the matric potential. For example, the moisture 

sensor at the 15 cm depth levels off at a solution content of 0.18 at t=15 min, the same time 

when the tensiometer measurement changes from -420 to -4 cm in that depth; similar 

behavior occurs for sensors at depths of 60, 75, 105, 120, and 135 cm below ore surface 

(bos).The wetting front did not saturate the medium enough to bring increase the matric 

potential significantly. An increase in bulk density would produce this effect as fine material 

become in contact with the tensiometer. The concordance of the leveling off periods with the 

sudden increases of matric potential indicate that the bulk densities might have increased at 

these depths and times. Although an increase in bulk density would also be expected when 

bulk density increases, this is not observed probably because the solution was pushed away 

by solid particles, decreasing saturation, but maintaining a similar the solution content per 

unit volume.  

Considering the previous explanation of collapse in FDR sensors, evidence for this collapse 

during wetting front advancement is observed at depths 15, 30, 45, 75, 60, 90, and 105, in 

sequence of response during the first 6 hours, which corresponds to the fastest measured 

settlement in the center. ERT images are not detailed enough to track small changes in the 

structure as the FDR sensors, but the resistivity distribution does change from snapshot 5 

(20:30) to snapshot 6 (44:29h), showing lower resistivities in the latter, suggesting more 

interconnected pores with solution, which could be due to structure change and/or saturation 

increase. No significant settlement was observed from 30 h on, but some localized collapse 

was shown by FDR sensors at depths 75 and 90 cm as seen in sudden changes in VWC after 

the wetting front had arrived at the bottom (30 to 247 hours. These changes might have not 

been big enough to show surface settlement, but they may have contributed to the gradual 

increase in the VWC in these sensors by the end of the test. ERT data also shows evidence of 

some collapse in the slightly lower resistivities observed in the upper center portion of 

snapshot 6 (44:29 h) than in snapshot 5. Increase of saturation or solution content was not 

observed in FDR sensors during the same time period, so ore collapse, and increased pore 

interconnection could be an explanation for the resistivity change. At 6 h, all FDR sensors 

experience a slight decrease (average 0.5%) and rebound, which might correspond to a 
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collapse period occurring at all depths.  The sudden changes in FDR sensor data at the 30 cm 

depth at times ~4, ~5:45, and ~11:30 h are interpreted as collapse periods above/at that 

depth. Slight changes also occur in the other sensors shortly after these events. For example, 

there is a decrease in solution content in sensors at 45 cm and deeper after the last increase in 

sensor at 30 cm deep. Since storage is increasing at 30 cm, the solution is not flowing to the 

rest of the sensors, so their solution content decrease. 

At the end of the test, the increase in volumetric solution content from FDR sensors at 

depths 75 and 90 cm coincide with higher solution contents detected by the neutron probe at 

the same depths and times. This suggests that the solution content increased at these depths, 

in accord with the observed increase of storage (from the mass balance) at the end of the test. 

At this time, some additional processes such as collapse or decrepitation might be taking 

place, leading to the increase in storage. There is no additional evidence for this hypothesis, 

however the increase in VWC (FDR and neutron probe) indeed indicates that steady state was 

not yet achieved, thus ore wetting, and consolidation processes are continuing to occur. 

5.8.2 Test 2 

Although Test 2 had the same irrigation rate as Test 1 for the first 0.5 h, this time was not 

enough for measurable agglomeration collapse: no abrupt changes were shown by the FDR 

sensors, a and no significant or differential slumping, i.e. the entire surface of the ore settled at 

approximately the same slow rate. This suggests that the process(es) that leads to slumping 

(most likely agglomeration collapse from high saturation) is not taking place only in the 

center and to the same degree as in Test 1.  

Moisture sensors show the wetting and drainage periods of the intermittent ramp-up 

irrigation. As explained in the conceptual model section, every new irrigation period 

encounters a higher solution content at each depth. Even though lower suction values are 

present in every on-irrigation period, they are still strong enough to distribute the solution in 

small pores. This is shown in tensiometer data, with negative matric potential values, and is 

interpreted from the evenly slumping surface. ERT snapshots also show very uniform 

distribution of the solution, laterally (especially in snapshot 3 at the middle of the column) 

and vertically (in later snapshots), compared to Test 1, where most of the solution remains at 

the center. Lower resistivities than in Test 1 may be in part influenced by an initial bulk 

density packing, shown in the first snapshot. Additionally, the greater solution distribution 
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leads to more interconnected pores with solution. This, in turn, leads to higher electrical 

conductivities, or lower resistivities, not necessarily higher solution contents. 

In contrast to Test 1, Test 2 showed a very slow but steady increase in VWC detected by 

FDR sensors at all depths. From the end of the ramp up period to the end of the test, there was 

an increase of ~1%. Although it is a small increase, this might be an indication of the absence 

of steady state. Neutron probe data agrees with these FDR data: moisture steadily increases 

from the end of the ramp-up period until the end of the test. Test 1 might have reached a state 

in which no more considerable consolidation would occur. On the other hand, Test 2 could 

still experience more consolidation if the irrigation continues, as more pores become 

saturated. However, this would probably happen at a very slow rate.  

5.8.3 Test 3 

The first on-irrigation period in the fast ramp-up test lasted 1 h, twice the time of Test 2. 

This resulted in higher VWC from the start. At the end of the on-irrigation period in Test 2 

VWC’s where the solution had arrived were between 0.13 and 0.15 cm3/ cm3, whereas in Test 

3, they were between 0.16 and 0.22 cm3/ cm3. This additional 0.5 h of target-rate irrigation in 

Test 3 was sufficient to saturate pores, breaking agglomeration bonds, leading to ore collapse 

and slumping, as seen in the settlement measurement at the center of the column. The 

drainage period of this first phase (1/8th of target rate) had the same duration as the first 

drainage period of Test 2. However, since a longer on-irrigation period was used, the ore did 

not drain to the same VWC as in Test 2. After this phase, considerable slumping was observed, 

and we decided to set the following irrigation rate phase to a slower irrigation rate to verify if 

the intensity of the slumping would be stopped or slowed. The slumping continued because 

the VWC and saturation were already at high levels. This suggests that once the collapse 

begins, it would be difficult to slow it by just slowing down the ramp-up or draining.  

The sudden changes in VWC measurements that were interpreted as indicators of ore 

collapse in Test 1 were not observed in the ramp-up tests, with the exception of a couple of 

locations in Test 3 (depths 105 cm, and 135 toward the end of the ramp-up phase). Settlement 

measurements show that collapse did occur. These two pieces of data suggest that the 

collapse occurred at a slower and controlled (steady) rate. The dye test shows that even with 

the collapsed structure, flow remained in the center; permeability loss was not strong enough 

to divert the flow laterally, as in Test 1. Larger dyed areas indicate, however, that the flux had 

to occupy larger areas due to the decreased permeability. 
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Slumping, ERT snapshots, as well as FDR sensors with their paired tensiometers at early 

stages in Test 1 show that ore collapse began at the top of the column, when it reached a 

certain degree of saturation. VWC and matric potential data, where interpreted collapse 

occurred, were different at every depth, i.e. there was not a specific VWC at which collapse 

occurred; however, the FDR volume of measurement (1 L) is too large to determine if a 

specific degree of saturation occurred in the smaller pores. However, at later times, positive 

matric potential values in some tensiometer data show that localized ponding or perching 

occurred, showing differential collapse. ERT snapshots show that the wetting front in Test 1 

was not spread out laterally as much as Test 2. These data suggest that during the off periods 

of Test 2, the solution slowed down, avoiding the bypass of low permeability zones, filling 

more pores and spreading laterally from capillary suction. Dye test suggested that flow only 

occurred in the central portion of the column in Test 2, because agglomeration is maintained, 

and so does the hydraulic conductivity of the medium. The longer first on-irrigation period in 

Test 3 was enough to increase the VWC (and therefore saturation in smaller pores) and 

destroy the agglomeration.  
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6. Conclusions 

Three large column tests were performed to assess the effect of initial irrigation conditions 

on copper heap leaching. The baseline test (Test 1) showed fast and extreme ore collapse, 

resulting in ponding, and flow was diverted to zones with higher hydraulic conductivity. 

Additionally, the storage change was smaller in this test than in the slow ramp-up tests, which 

suggests lower storage from suction. Although the baseline test showed larger dyed areas in 

the upper half of the column, significant dye channeling was observed in the lower half of the 

column.  The channeling this is not representative of lateral spreading but is due to the 

different hydraulic conductivity regions (low and high) caused by the ore collapse. 

On the other hand, the slow ramp-up test showed little ore settlement, resulting in flow 

present only in the central portion. The higher storage change is probably related to the initial 

lateral spreading due to capillarity. Different conditions might occur in the field scale, where 

contiguous drippers affect the solution content and flow behavior. Overall leaching efficiency 

for this case can be improved by ensuring more uniform application of solution at the top of 

the heap. This could be done by employing more emitters, or by using a device to increase 

spread of solution at the surface. 

The fast ramp-up test showed settlement between the baseline and slow ramp-up tests, 

however the structure collapse was not as extreme, and solution flow remained in the central 

portion of the column. Given that solution to ore contact is important for leaching, the larger 

dyed areas in this test indicate good conditions for copper recovery. Considering that 

desirable conditions for heap leaching include maintaining good agglomeration, the initial 

irrigation conditions are shown to play a key role. 

Tracer tests and inverse modeling helped address the flow and transport processes in the 

columns. Dispersion in the baseline test was smaller than the ramp-up tests, probably due to a 

narrower pore size variation where flow is occurring. Slightly lower mobile fractions in the 

ramp-up tests are explained by a greater distribution of matrix and macropore flow. 

Retardation factors appear to be overestimated with the sorption batch tests method, which 

highlights the importance of performing moment analyses.  Uncertainty in dyed areas at 

increasing depths emphasize the importance of knowledge of the sorption behavior of the dye 

being used. 
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Methods for measuring solution content in the column were tested, resulting in successful 

and useful data. Moisture sensors worked well with the laboratory calibration. Electrical 

resistivity tomography clearly showed the wetting front advancement in the column, helping 

compare the behavior between baseline and ramp-up schemes. The neutron probe was 

difficult to calibrate but assisted in the comparison between tests as well.  

6.1 Future work 

It is important to measure copper concentrations in pregnant solutions for optimizing the 

method, however, it could not be done in this work. Future work should include these data to 

assess the effect of different irrigation ramp-up schemes on copper recovery. Pilot tests are 

complicated to perform, due to the high cost and effort in installation and monitoring of 

instrumentation. Decrepitation measurements to assess how time, degree of saturation and 

particle size distribution affect the degree of ore break-up would also be useful. This could not 

be done in this study, but it is important to understand in order to design heaps with better 

hydraulic conditions.  
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APPENDIX A. Inverse transport models 

Solute transport model 

Assumptions for all tests: 

1. The tracer test was carried out during steady state, no storage change occurred, and 

the internal structure was maintained. 

2. Flux is constant across the column length and through time. For this, the volumetric 

flow measurements were averaged. 

3. Sorption of boron occurred instantaneously. 

4. Physical and hydrologic parameters are the mean values to represent the entire 

column (bulk density, Kunsat, cross sectional area, solution content) 

5. Unit hydraulic gradient is present with no water content or matric potential difference 

in depth. 

6. Diffusion occurs across the whole column area, so it is used to calculate solution 

content, flux and retardation factor. Dyed areas (converted to volume in the entire 

column) can be used as a proxy for mobile fraction.  

7. For the MIM model, β=θm/θ. 

Additional assumptions for Test 1: 

1. Flow in the collapsed center is very limited due to smaller hydraulic conductivity zone 

created by agglomeration collapse, decrepitation and fines migration. 

2. Pore size variation is large because the center is compacted, while some of the 

structure in the outer portion is maintained. Most of the immobile solution fraction is 

located in the center. 

3. Dispersivity is affected by the narrower range of pore size distribution (than Tests 2 

and 3), but also by the larger pathlength created by the diversion of the flow. 

Additional assumptions for Test 2: 

1. The immobile fraction is still present, even if only dyed areas are used, and it is 

present in smaller pores. 

2. Overall flux is greater than in Tests 1 and 3, because more large pores are present that 

can sustain higher volumetric flow. 

Additional assumptions for Test 3: 
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1. Solution content, storage and ore settlement measurements show that Test 3 is a case 

that falls in between of the Tests 1 and 2. However, dyed areas show that the collapse 

was not strong enough for the center permeability to be insufficient to carry the flow. 

Collapse was stronger than in Test 2, which created smaller pores, helping capillary 

forces to spread the solution laterally. This is seen by the larger dyed areas. 

2. Dispersivity is expected to be smaller than in Test 2. 

3. Mobile fraction is expected to similar or smaller than in Test 2 (more or less the same 

number of small pores where solution can reside), and greater than in Test 1 (less 

small pores). 

Solute transport parameter estimation 

Transport parameters were estimated by inverse modeling using CXTFIT/Excel (Tang et al., 

2010). The Advection-Dispersion Equation (ADE) and the Mobile-Immobile (MIM) models 

were used for comparison, but the MIM was expected to have better results given the high 

variability of pore sizes in the system, and the good performance it has showed in previous heap 

leaching studies (Decker, 1996; Peng, 2009; Robertson, 2017). 

For both models, the dimensionless version was used. Decay and production coefficients 

(µ, µm, µim, γ) were assumed to be zero. The retardation factor, R, was calculated with the 

partition coefficient, Kd, obtained from sorption batch tests, the final bulk solution content in 

the column, and the overall final bulk density. The length of the column was assumed to be 

equal to the average final length of the packed ore. The dimensionless duration of the tracer 

injection in pore volumes was calculated with the bulk volumetric solution content and the 

average volumetric flow rate during the tracer test. Other input parameter assumptions are 

described in the conceptual model section. The fixed (input) parameters length (L), pulse 

duration (To), and retardation factor (R), along with other important values are presented in 

Table 11. Fitted parameters were dispersivity (λ), for the ADE model, and the additional 

mobile water fraction (β), and mass transfer coefficient (ω) for the MIM model. 

 

 

 

 



82 
 

Table 11. Fixed parameters in the CXTFIT/Excel models. 

 Test 1 Test 2 Test 3 

B pulse duration (PV) 2.11 2.74 2.53 

Elution duration (PV) 1.90 3.58 3.96 

Dye test duration (PV) 0.79 0.99 1.01 

Column length – L (cm) 130.66 140.8 129.97 

Pore solution velocity – v 
(cm/d) 

117.78 127.03 119.01 

Volumetric Water content 
– θ (cm3/cm3) 

0.2145 0.1944 0.2056 

Retardation factor – R 1.82 1.82 1.80 

 

An additional simulation was performed for the ADE model, treating R as an optimizable 

parameter, to understand how the model would behave with an additional parameter that 

may have some measurement uncertainty. Additionally, moment analysis was performed with 

the observed data primarily to estimate R and assess errors in the experimental 

approximation.  Extrapolation of the elution tails of the breakthrough curves was conducted 

by logarithmic regression, in order to improve moment analysis output. 

For each model, several different initial guesses were used for the optimizing parameters 

to avoid falling in local minima. Sensitivity analysis was performed for the MIM model in all 

tests by using the Jacobian matrix function in the CXTFIT/Excel code, and by manual 

perturbation of the fitted parameters.  

Solute transport model results 

Results of simulations using batch-obtained R 

Results for the parameter estimation are shown in Table 12. The ADE model resulted in 

large λ values because it only has one parameter to account for all the non-ideal transport 

behavior. Such numbers yield unrealistic Peclet number and dispersion coefficient in certain 

cases. Adding a fitting parameter in the ADE model (R) decreases the λ. However, the 

retardation changes greatly from the fixed value (~1.0 from ~1.8).  
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Table 12. Fitted parameters for each simulation in all tests, using R estimated experimentally. Darkest shaded cells 
are the fitted parameters for each simulation. 

Simulation Parameter Symbol Units Test 1 Test 2 Test 3 

ADE 

Dispersivity λ cm 183 630 648 

Dispersion coefficient D cm2/day 21,602 80,068 77,115 

Peclet number P [-] 0.71 0.22 0.20 

Sum of squared residuals SSR [-] 0.1230 0.0495 0.1634 

ADE – 
optimizing 

R 

Dispersivity λ cm 66 312 229 

Retardation factor R [-] 1.06 1.03 1.00 

Dispersion coefficient D cm2/day 7819 39682 27219 

Peclet number P [-] 1.97 0.45 0.57 

Sum of squared residuals SSR [-] 0.0221 0.0251 0.1152 

MIM 

Dispersivity λ cm 64 137 86 

Mobile water fraction β [-] 0.57 0.33 0.29 

Mass transfer coefficient ω [-] 0.01 0.18 0.07 

Dispersion coefficient D cm2/day 7497 17458 10208 

Peclet number P [-] 2.05 1.02 1.52 

Sum of squared residuals SSR [-] 0.0219 0.0058 0.0102 

 

In all three tests, the MIM model had the best fit, by up to one order of magnitude using the 

SSR as the optimizing function. The MIM model has better fits and more reasonable parameter 

values because the behavior described by the model is likely representative of transport 

behavior in the unsaturated columns. The MIM model has more unknown parameters, giving 

higher chance for error. Therefore, it is important to minimize the number of parameters to 

optimize, while making an effort to decrease the uncertainty in the fixed parameters. For 

example, since the R is kept fixed, it is important to determine it accurately. 

In Test 1, the fit for λ changes greatly from the ADE to the ADE-opt R simulation; however, 

it is very similar to the one in the MIM model, although R changes significantly. The optimized 

β in this test is close to 60%, which indicates that just above half of the volumetric solution 

content is flowing in the medium. Assuming that flow is occurring in the outer dyed ring, as 

well as in the collapsed center (limited flow), as discussed in the results section, the fitted β is 

consistent with the volume portion of the column that carries the flow (~50%). However, this 

volume was just an approximation because it is possible that the colorant was not applied for 

sufficient time (Table 11); all the available dye sorbed before it could get to all the pores 

where flow was occurring, leaving some undyed areas. The low ω value was expected, given 

the relatively large pore velocity; the residence time is short enough for there not to be 

considerable interaction between mobile and immobile solution. Dispersivity values, λ, are 
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considerably larger than usually found in laboratory experiments (Tang et al., 2009); 

however, the large scale column and the wide range of particle (and pore) sizes contribute to 

large numbers.  

Test 2 had better fits for the ADE simulations, but the MIM fit was significantly better. 

Similar to Test 1, λ decreased when R was included to be optimized, but R decreased greatly. 

For the MIM simulation, λ was large (137), but still within the acceptable range (not 

significantly higher than the column length). Mobile fraction is smaller than in Test 1, and it is 

consistent with the smaller dyed volume, which is assumed to sustain most of the flow. 

Test 3 had similar behavior to Tests 1 and 2 in terms of simulation fitting between ADE and 

MIM, however adding R to the fitting parameters did not improve the SSR considerably. In this 

test, the λ was smaller than Test 2, but larger than in Test 1. However, the mobile fraction is 

very similar to Test 2. Dyed volumes also show a similar portion of the column that 

corresponds to the volume with flowing solution. 

Results of simulations using moment-analysis R 

Batch sorption tests have been found to overestimate R for transport scenarios under 

certain conditions; therefore, temporal moment analysis can be helpful to assess errors in 

measured R values (Maraqa et al., 1998; Fernández-Garcia, Illangasekare and Rajaram, 2004). 

Moment analysis results are shown in Table 13.  

Table 13. Temporal moment analysis results 

 Test 1 Test 2 Test 3 

µo 1.85 2.65 2.48 

µ1' 1.93 2.20 1.89 

µ2 5.67 3.93 5.55 

R (truncated tail) 0.95 0.72 0.62 

R (with log 
regression) 

1.05 1.04 1.04 

R (batch test) 1.82 1.82 1.80 

 

First normalized moment is the mean arrival time and is used to calculate the retardation 

factor. R was estimated with the observed concentration data, which was truncated in the 

elution phase because sampling was terminated before attaining values close to zero. This, in 

turn, underestimates the R; however, using a logarithmic regression to generate the 
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remaining data from the tail, R becomes close to 1 in the three tests (1.05, 1.04, 1.04, in Tests 

1, 2, and 3, respectively). All values were apparently overestimated by the batch sorption 

tests.  The fitted R’s in the ADE simulation (1.06, 1.03, 1.00, respectively) are consistent with 

the values obtained with this method. 

Table 14. Fitted parameters for each simulation in all tests, using R determined from moment analysis. Darkest 
shaded cells are the fitted parameters for each simulation. 

Simulation Parameter Symbol Units Test 1 Test 2 Test 3 

ADE 

Dispersivity λ cm 66 315 309 

Dispersion coefficient D cm2/day 7,728 40,008 36,725 

Peclet number P [-] 1.99 0.45 0.42 

Sum of squared residuals SSR [-] 0.0221 0.0251 0.0804 

MIM 

Dispersivity λ cm 61 85 65 

Mobile water fraction β [-] 0.56 0.42 0.44 

Mass transfer coefficient ω [-] 8.47 0.28 0.11 

Dispersion coefficient D cm2/day 7,160 10,786 7,784 

Peclet number P [-] 2.15 1.66 1.99 

Sum of squared residuals SSR [-] 0.0195 0.0072 0.0053 

Results for the simulations (ADE and MIM), using the moment-analysis-estimated R’s are 

presented in Table 14. 

Figure 41. Fitted breakthrough curves for Tests 1 (top left), 2 (top right), 
and 3 (bottom). 
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In Test 1, the ADE model resulted in a much smaller fitted λ than the simulation using 

batch-obtained R, yielding a more realistic value, and a better fit (SSR function). The MIM 

simulation lead to similar λ and β (to simulation in previous section), but with a larger ω 

(8.47), and a slightly better fit. Test 2 shows a much higher and unrealistic λ value than Test 1, 

but with a better fit than the previous section. In its MIM simulation, it still has larger λ, but 

not as high as in the previous section; β and ω are slightly larger. Test 3 also varies greatly 

from the simulations in the previous section. In the ADE model, λ is smaller but still 

unrealistic. The MIM model results in rather smaller λ, higher β, and similar ω. 

 

For this set of simulations, λ is still larger for Test 2 compared to the other tests, but the 

difference is narrower. This indicates that the pore size distribution from the maintained 

agglomerated structure is significant for the dispersion, but other factors, such as the larger 

length path for Test 1, may also contribute to the large dispersion. Higher β values in Tests 2 

and 3 might be signs that the dyed areas are not a good proxy for the mobile fraction because 

the diffusion only takes place to some extent in the non-dyed areas, and/or the dye did not 

taint all the areas where flow occurred. The larger ω in Test 1, compared to Tests 2 and 3, may 

be the result of the larger residence time in the collapsed portion of the column, due to 

smaller hydraulic conductivity 

All tests’ simulated breakthrough curves are shown in Figure 42 for comparison. Tests 2 

and 3 present a similar early breakthrough due to higher preferential flow in the preserved 

macropores. However, larger dispersion cause Test 2 to present longer time to get to the 

maximum concentration. After this, both curves show similar elution (tailing), with Test 2 

having slightly longer tailing. Test 1, has a similar estimated R than the other tests, however, 

as already stated, the breakthrough occurs later (closer to the ideal behavior) because of the 

limited preferential flow. Long tailing for this test (interpreted, since it was truncated) 

indicates a back-diffusion effect from the collapsed portion. None of the experiments were 

conducted long enough to get to C/Co=1. 
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Mobile water fraction coefficient shows the largest sensitivity in Tests 2 and 3, followed by 

dispersivity and mass transfer coefficient at last. For Test 1, β and ω have similar sensitivities. 

In all cases, scaled sensitivity of β and ω are negative in the breakthrough phase and positive 

for the elution phase, and λ is positive for the breakthrough phase and negative in the elution 

phase (Figure 43).  

 

Perturbation analysis confirms the high sensitivity of λ and β for Test 1. However, ω shows 

little sensitivity, leading to high uncertainty. Test 2 showed lower sensitivity for λ than for β, 

and similar to ω. Test 3 has similar sensitivities than Test 2 but results for ω show minimal 

sensitivity. 

Figure 43. Scaled sensitivity in fitted parameters in Tests 1, 2 and 3, respectively. 

Figure 42. Fitted breakthrough curves for all tests (MIM). 
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Transport model results in the heap leaching context 

Smaller λ in Test 1 (baseline), compared to Tests 2 and 3 (ramp-up), indicates that the pore 

size range may be narrower. Given that the level of agglomeration collapse in the baseline test 

is greater, and the fines may have migrated, the size distribution is better sorted, creating a 

more compact structure with a smaller number of large pores. Ramp-up tests have better 

agglomeration hold, maintaining the amount large and small pores, leading to greater λ 

values. The pathway length in the baseline test is larger because the flow is diverted to the 

outer portions, but it doesn’t seem to have a considerable effect on λ as does the wide range of 

pore sizes.  

 

 

Figure 44. Sensitivity analysis by perturbation of fitted parameters in the MIM simulations. 
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