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ABSTRACT 

 

Despite numerous methods for enhancing heap leaching performance, there are still 

severe limitations on industrial uses. To improve the poor permeability and leaching 

impact of the Yangla Copper Mine (YCM) during heap leaching, we proposed a 

correspondingly effective and novel method of applying forced aeration. During the 

column leaching experiments, the dual-media theory was used to investigate the 

mechanism by which forced aeration affected different types of porous and fractured 

media. The specimens' pores were imaged using an X-ray computed tomography 

(CT) set, and as the aeration rate (AR) varied, a scanning electron microscope (SEM) 

examined the fracture morphology of the particles within the columns.  

Keywords: Yangla Copper Mine, forced aeration, X-ray 

1 INTRODUCTION 

A hydrometallurgical extraction method known as heap leaching is frequently used to 

recover rich metals from refractory or low-grade ores [1]. This method is increasingly 

prevalent in the mineral processing sectors due to its ease of use, cheap operating costs, 

high recovery rates, quick construction time, and environmental benefits [2]. The solid-

liquid-gas phases that make up the leaching system interact to varying degrees depending 

on the system's permeability coefficient. Therefore, the permeability of the system has a 

significant impact on the leaching effect. However, the permeability of the ore dump is 

typically low because of mechanical compaction and weathering. 
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 Researchers have suggested a variety of techniques to improve leaching 

performance, including loosening the waste, applying an external electric field, 

presenting stress waves, adding catalysts, and speeding up the growth of microorganisms 

[3]. Aeration assisted heap leaching is currently a relatively novel and useful leaching 

method used to increase leaching effectiveness. Few researchers have looked at the 

impact of aeration on the heap's permeability, with professionals and academics around 

the world focusing more on the effect of aeration in oxygen or carbon dioxide delivery. 

According to Brierley et al., the main difficulty impeding the growth of leaching mining 

is whether or not aeration should be used in heap leaching [4]. 

The leaching dump is a media constituted of irregular ore parti-cles with bulks of 

pores and fractures. We have shown in a previous study that aeration can effectively 

improve the leaching effect based on MRI characterization, however, it did not involve 

the impact on fractures within the ore particles. Hence, during heap leaching, a concept 

of porous and fractured media was utilized to study the influence of aeration [5]. In this 

concept, two kinds of seepage channels, i.e., pore and fracture, were thought to be natu- 

rally present within the heap [6]. On one hand, the pore structure was the dominant 

channel for solution flow. On the other hand, fractures in ore particles were the second 

liquid flowing channels. Despite the relatively poor penetrability, the numerous fractures 

could still provide adequate storage space for the solution. Hence, a favorable 

environment for leaching would be obtained under the coupling effect of porous and 

fractured media [7, 8]. 

 

In order to clearly understand the influence of aeration rate (AR) on leaching 

performance, this study investigates two factors: the influence of air pumped into the 

novel leaching columns on the pore changes using X-ray computed tomography (CT) 

and the evo- lution of fractures within ore particles using scanning electron microscope 

(SEM). 
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Table 1 

Particle size distribution of the ore. 
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2. Experimental 

The particle size distribution of the 3000 g samples, which were taken from the 

leaching dump of the Yangla Copper Mine (YCM) in the Chinese province of Yunnan, 

is shown in Table 1. 

According to the particle size distribution curves typical in the field of geotechnical 

engineering [9], Fig. 1 shows the particle size distribution curve of the samples, the type 

of which belonged to A. Therefore, it may be assumed that the leaching dump of YCM 

contains a significant amount of loose particles, which caused the heap to be heavily 

compacted. 

The main chemical components of the samples are shown in Fig. 2. According to 

analysis, the samples' average particle size was rather small [10]. Additionally, the 

alkaline components, such as MgO, CaO, Fe2O3, and Al2O3, whose contents were over 

40%, might cause heap leaching to use a lot of acid. Therefore, utilising strategies like 

aeration to increase the dump's permeability may be a better strategy to boost YCM's 

leaching efficiency [11, 12]. 

  

Column leaching experiment 
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Experimental setup and leaching solution 

The column leaching tests were carried out as AR varied using a unique heap leaching 

equipment, schematically shown in Fig. 3. Leaching columns made of plexiglass, a solid-

liquid-gas circulation system, a control cabinet, and a computer made up the bulk of this 

device, whose maximum AR for the experiments was 0.5 m3/h. As shown in Fig. 3, 

raised barrels R1, R1 and R3 are also specimens S1, S1 and S3, collecting barrels T1, T2 

and T3, inflating inlets U1, U2 and U3, perforated plates V1, V2 and V3, and sealing 

layers W1, W1 and W3. A spiral CT set (SOMATOM Sensation 16) was used for the 

pore imaging, and a SEM (JEOL JSM-6701F) was used to examine the fracture 

morphology of the samples. 

 

Preparation 

As shown in Fig. 3, the samples were well mixed according to Table 1, evenly 

(700 g) packed into the three columns and named S1, S2 and S3. Then, three equally-

sized pebbles (the three black spots in Fig. 3) with a diameter of 2.5 mm were laid on 

top of        the particles within the three specimens and named A, B and C. During liquid 

circulation, the three specimens would be saturated for 24 h. 

 

 

 

Fig. 1. Particle size distribution curve of the samples. 
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Fig. 2. Main chemical composition of the samples. 

 

Fig. 3. Schematic of the novel column leaching apparatus. 

Operation 

1. Before air was pumped into the specimens, CT and SEM were separately utilized 

to perform the original imaging of  the pore structures of S1, S2 and S3 and the 

fracture morpholo-gies of A, B and C. During CT imaging, the magnification 

and minimum resolution cell were 4.14 and 46.9 lm respec- tively, and 

layer number of the specimens was 1500 with a thickness of 4 lm. It used a 

projected amplitude of 400, a rotation step of 0.9°, a tube voltage of 120 

kV and a tube current  of  160  lA  respectively.  This  moment  was  defined to 

be 0 d. 

2. Air was pumped into S1, S2 and S3, ARs of which were 0, 0.3 and 0.5 m
3
/h 

respectively. Then CT and SEM were repeatedly employed to perform the images 

as leaching time changed (10, 20, 30 and 40 d). CT images were thresholded in 

Matlab to conduct the 3D reconstructions to analyze pores changes, model sizes of 

which were all 25.8 mm × 25.8 mm in the x and y directions. and 80.0 mm in the 

z direction [16]. SEM images were imported in Image J and Fractal Fox to study 

the  evolution of fractures. 
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Fig. 5.   3D models of S2 as time changes. 

 

 

Fig. 6.   Pore changes as ARs and time change. 

 

3. RESULTS AND DISCUSSION 

Pore changes 

Figure 1 displays the 2D CT images and associated binary images obtained from S1, 

S2, and S3 as AR changes. 4 (for instance, 10 d), whose sizes were all 850 pixels in the x and 

y directions. The distribution of particles and pore structures showed clear differences. 

Particle sizes in S2 and S3 were smaller than those in S1 (Figs. 4b and e, respectively) (Fig. 

4a and d). 

Using S2 as an illustration, Fig. In Figure 5, which depicts the 3D reconstruction 

models of pore architectures as leaching time changed, the leaching solution and ore particles 

were represented, respectively, by blue and grey. It was evident that the ore particle sizes 

changed over time.The porosity of the specimens could be expressed as Eq. (1) [17]. 
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V n ¼ 
.

1 -  
Va

Σ 
× 100% ð1Þ 

where n, Va and V are the porosity, solid volume and whole volume of the models, 

respectively. 

Within S1, S2 and S3, the porosity and pore quantity as time changes are calculated 

and shown in Fig. 6. 

 Fig. 6a shows that as AR and time change, the porosity of S1 reduces from 

approximately 38% to 31.8% after 10 d. However, they are relatively slow in S2 and 

S3. Using S3 as an example, the decline rate of porosity is only about 2%. 

Analytically, aeration would be substantially advantageous to the solute transport 

within the leaching solution, and this made the seepage paths less likely to be 

blocked. Therefore, porosity of the aerated system could be kept at a comparatively 

high level. Fig. 6b shows that the number of pores within all the three specimens all 

increases, however in S1, it is relatively slow, and indicates that aeration might not 

only shorten the leaching time but improve the reaction degree to push forward the 

development of the pore structure. 

 

Evolution of  fractures 

As shown in Fig. 7 (e.g., 20 d), SEM images of A, B and C are acquired, then based 

on a specified threshold, the binary images are obtained [18,19]. There exists a small 

amount of fine fractures on the surface of A. However, many open fractures occurred in 

B and C, and fractures in the latter were wider and deeper. It indi- cated that aeration 

might increase the leaching degree by expand-806 ing the fractured structure of 

particles. Moreover, a higher AR was the models were effective. Based upon the binary 

images and  results of FBDs of A and C, the evolution curves of fractures as leaching 

time developed were calculated, analyzed by Origin and depicted in Fig. 8. FBD of C is 

always higher than that of A, as shown in Fig. 8a, indicating that the amount of fractures 

within C  is more than that in A. From Fig. 8b, it could be drawn that the frac- ture width 

of C was bigger than that of A, illustrating that aeration could effectively widen the 

fractures within the particles to accom- modate more leaching solution, and this might 

improve the leach- ing efficiency [23]. 
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Fig. 7. SEM and its binary images of specimens (20 d). 

During heap leaching, the development of fractures was a dynamic changing 

process which could result in a variable perme-ability coefficient. Thence, the 

seepage state within the heap was probable of being influenced. The capillary buddle 

model was employed to study the dynamic-permeability coefficient (DPC) and 

fracture ratio (DFR) of A and C, calculated by [24–27]. 

In this work, the fractal geometry theory was utilized to analyze the complicated 

fracture morphologies of A, B and C [20,21].  

 

 

 

Fig. 9. The evolution curves of FBD & DPC and FBD & DFR. 

 

 

Then, according to the calculation models of A and C, DPC and DFR of which are 

depicted in Fig. 9. From Fig. 9a, it could be seen that the average DPC of C (0.46 10
—5
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mm/s) was obviously higher than that of A (0.09  10
—5

 mm/s). Fig. 9b shows the average 

DFR   of C (10.2%) is higher than that of A (6.3%). It indicates that during heap 

leaching, the forced aeration could promote the development of fractures within ore 

particles. This would be beneficial in improving the permeability coefficient of the whole 

system to pro- vide tremendous convenience for the solution flow. 

4.CONCLUSIONS 

The effects of various aeration rates (ARs) on the modifications of porous and 

fractured media were investigated using column leaching experiments and X-ray CT and 

SEM. The study found that the samples taken from the ore heap of the Yangla copper 

mine had a poor particle distribution. According to experimental results from a CT set, 

the three specimens (S1, S2, and S3 pore )'s structure changed in a number of ways when 

AR fluctuated. When AR increased, S2 and S3 had greater porosities (0.3 m3/h and 0.5 

m3/h, respectively) and more loose and fine particles than S1 (without aeration). The 

studies' SEM analysis showed that the fractal box, dynamic porous, and fractured 

performance. 
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