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Abstract:



The distribution of the metal-bearing mineral grains within a particulate ore prepared for leaching, and the impact of this spatial heterogeneity on overall extraction efficiency is of key importance to a mining industry that must continuously target ever-reducing grades and more complex ore bodies. If accessibility and recovery of the target minerals is to be improved, a more detailed understanding of the behaviour of the system must be developed. We present an in situ analysis using X-ray computed tomography to quantify the rates of volume reduction of sulfide mineral grains in low grade agglomerated copper bearing ores during a miniature laboratory scale column leaching experiment. The data shows the scale of the heterogeneity in the leaching behaviour, with an overall reduction of sulphide mineral grains of 50%, but that this value masks significant mm3 to cm3 scale variability in reduction. On the scale of individual ore fragments, leaching efficiency ranged from 22% to 99%. We use novel quantitative methods to determine the volume fraction of the sulfide that is accessible to the leachate solution.
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1. Introduction


The continued demand for commodity metals such as copper requires extraction from increasingly diminishing grades of ore, so maximising the efficiency of recovery from low grade (typically ~0.1%–0.8%) ores in overall and energetic terms is of significant economic and environmental interest. Ideally these low-grade ores are processed to maximise metal recovery, leaving a waste rock with reduced environmental impact. Where waste rock is dumped without the recovery of the low concentration metals, understanding of natural leaching within the dump is equally as important for ensuring minimal environmental impact [1]. Biologically enhanced heap leaching is a key technology for the economically viable recovery of metals from high-volume low grade sulfide ores, and is used for the extraction of copper, zinc and nickel, amongst others [2,3,4,5]. Run-of-mine ore or crushed and agglomerated ores are stacked into heaps on impervious pads designed for solution recovery, typically with aeration systems provided below the heap. These heaps may be inoculated by naturally occurring micro-organisms, either during agglomeration or through irrigation. Irrigation is typically from drip irrigators spread over the top of the heap at regular intervals. The metals solubilised by ferric iron and acid lixiviants are reclaimed from the pregnant leach solution (PLS), prior to recirculation of the solution to the heap. Typical metal extraction from the heap is 60% to 90% over one to two years [3,6]. Analysis of the PLS typically shows that 50% to 60% of the metal is released during an initial period of rapid leaching, followed by much slower release. The decrease in recovery rates is attributed to depletion of easily soluble minerals as well as reduced accessibility of the metal-bearing mineral grains to the micro-organisms and leachate solution, but may also be controlled by changes in reaction kinetics or passivation of the reactive surfaces through precipitation or other processes [7]. While the mechanisms controlling leaching kinetics of milled ores with liberated sulfide grains can be experimentally determined by tank leaching studies [8,9,10], the leaching behaviour of equivalent sulfide grains within an ore fragment in a heap is less well characterised.



In order to maximise the recovery efficiency of metal from low-grade ore, it is necessary to both increase yields and reduce leach durations; attainment of this requires an improved understanding of the contacting of the leach agents and mineral surface, informing leach behaviour in the heap at all length scales, especially on the mm3 to cm3 scale, thus linking macro and micro scale understanding. This requires both an understanding of fluid flow and of mineral grain distribution in the ore bed of the heap.



Traditional methods for analysing changes in sulfide content on the fragment scale are destructive, two dimensional and spatially limited. These cannot provide in situ observations. The distribution of sulfide grains within the low-grade ore and the behaviour of individual grains as a function of time during leaching is therefore poorly quantified. Simplified models have been provided to predict metal dissolution from the ore. Owing to their limited mechanistic basis, their application is limited to bulk predictions or to systems very similar in geometry and ore bed characteristics to those used in model generation, providing limited value.



X-ray micro computed tomography (µCT) is a non-destructive 3D imaging technique that permits visualisation of the internal structure within the sample [11,12]. It can therefore provide an invaluable method for assessing mineralogical and spatial controls on the spatial heterogeneity of the leaching process within a column, with potential extension to predict the maximal expected leachability of the material in larger scale heaps. Samples can be imaged in situ in small scale laboratory experiments, allowing a consistent ore volume to be monitored over the course of a leaching experiment without disturbing the macro-scale configuration of the packed bed of ore fragments or agglomerated material. To date X-ray µCT application to heap leaching research has been successfully demonstrated for the study of bed voidage evolution [13], ore fracturing [14,15,16], mineral liberation [17] and mineral leach kinetics [18,19,20,21].



In this study, the latest X-ray computed micro tomography (µCT) techniques are used to perform in situ visualisation and quantification of the mineral sulphide (MS) grains and gangue fractions, as well as assessment of the mineralogy (in this sample for some phases only), porosity and fracture networks within individual ore fragments, and the ore bed, as they undergo leaching in a small-scale laboratory column experiment. Time integrated X-ray µCT is exploited to quantify changes in the volume fraction of sulfide mineral during leaching, and to illustrate how µCT can be used to investigate key spatial parameters that control the behaviour of sulfide grains during leaching of low grade agglomerated ores and thereby interrogate the degree of leaching behaviour variability across different length scales.




2. µCT of Laboratory Scale Columns


In X-ray µCT imaging the sample is mounted onto a rotating stage between the X-ray source and a detector, and a series of radiograph images (projections) are collected as the object rotates within a stationary X-ray beam (Figure 1A). Projections are collected at equal angular intervals during a 360° rotation. Each X-ray that passes through the sample has a characteristic energy, and interacts with the mineral phases found along the beam path. This interaction (attenuation) is largely controlled by the atomic number; with denser materials attenuating (absorbing) more strongly. Each pixel of a single projection represents the net X-ray attenuation along a particular beam path. As the sample rotates, the mineralogy along the beam path changes and each projection records a different X-ray intensity map. Mathematical algorithms are then used to reconstruct a 3D map, computing the attenuation coefficient of every voxel (1 pixel3) in the scan volume.


Figure 1. (A) Schematic showing the experimental set-up and the principals of µCT scanning; (B) A small area of a single 2D slice through the 3D column volume, showing the difference between the air (black), gangue (grey) and mineral sulfide grains (MS grains) (white); (C) The difference in attenuation of the different MS and gangue phases in the sample.
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µCT was performed using a laboratory Phoenix-v|tome system, with an accelerating voltage of 100 kV and a current of 70 µA. Six hundred projections were collected at 0.6° angular increments on a 1015 × 512-pixel detector. All scans were performed at the same resolution (voxels of approximately 33 µm × 33 µm × 33 µm). Filtered back projection reconstruction was performed using the Phoenix proprietary software. Visualisation and quantification were performed using standard functions built into ImageJ-Fiji [22], and Avizo©. The reconstructed data are presented as 2D slices (vertical and horizontal) through greyscale volume data or as 3D renders of phase surfaces (Figure 2).


Figure 2. 3D render of the column µCT data (A) Day 0 render of ore (grey) and MS grains (gold); (B) Day 0 render of MS grains (gold); (C) 2D slice through the column at Day 0; (D) Day 192 render of (grey) and MS grains (gold); (E) Day 192 render of MS grains (gold); (F) 2D slice through the column at Day 192. The location of the three sub volumes used for time series scanning are shown in red.
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The study was conducted using a low-grade ore from the Escondida deposit, containing 0.69 wt % copper (primarily as chalcopyrite (0.5 wt %), chalcocite (0.2 wt %), covellite (0.3 wt %) and bornite (0.1 wt %)), 2.95 wt % iron (including that from pyrite (4.0 wt %)), and 2.02 wt % sulfur [21,23]. Detailed analysis of the sulfide chemistry on a grain scale is beyond the scope of this study, and cannot be resolved by non-destructive techniques at this time. The purpose of this study was to quantify leaching induce changes in sulfide and gangue distribution in situ, during leaching, without disruption of the sample. The ore was acid agglomerated [24], loaded into a glass leaching column (length = 220 mm; internal diameter = 26 mm), and allowed to air dry. Fines were negligible [21]. The leachate solution, containing 0.1 M H2SO4 with 5 g/L ferric iron (emf = 668 mV, Eh = 865 mV, pH = 1.5), was gravity fed into the column at ~4 mL/h from a single drip emitter point source. The column was not inoculated with micro-organisms and was operated at ambient conditions. A 3D reconstruction of the entire column was acquired by concatenating 13 µCT scans, and three sub volumes containing typical ore geometry and mineralogy were identified from the top (V1), middle (V2) and bottom (V3) of the column (Figure 2). The leachate was then allowed to percolate through the column. The column was removed periodically from the flow to allow the scanning of V1, V2 and V3 at 12 time points over a 192-day leaching period. These 36 scan volumes were then used to track evolution of the ore at three different locations along the column. The full column was scanned again at the end of the leaching period. No part of the column was disturbed at any point. On removal from the flow, the column was maintained in the vertical position and transported carefully to the scanner (in the same room) with no impact, vibration or other disturbance. All reasonable care was taken during handling. Ore particles do not show any significant change beyond that expected with ongoing irrigation of the column. Markers on the outer surface of the column were used to register (align) the images of V1, V2 and V3 prior to quantitative analysis, and to check that there was no significant solids mass transfer (other than that facilitated by leaching) into or out of the volumes used for quantification. The glass tubing of the column was cropped from all images using a cylindrical mask.




3. µCT as a Tool for Assessing Compositional and Behavioural Heterogeneity


V1, V2 and V3 were selected to include representation of surface grains, large grains, small grains and seams within the bulk ore to enable behaviour of these to be assessed. µCT analysis is one of a family of tomographic tools, including magnetic resonance imaging (MRI) [25], positron emission tracking (PET) and positron emission particle tracking (PEPT) [26] and electrical resistance tomography (ERT) [27], that allow the comparison of identical ore volumes before and after leaching without disturbing the experiment. µCT allows the imaging of the solid phase in this manner in particular. It therefore allows the visualisation of the complex structural and mineralogical heterogeneity of the ore; and, most crucially, an assessment of how different sulfide grain volumes evolve over time during leaching. We have determined qualitative and quantitative information on the behaviour of the sulfide grains using the pre- and post-leaching scan volumes, and performed additional quantitative assessment using the time series analysis from V1, V2 and V3. The nature of the agglomerated ore can be seen in the 2D slices through the reconstructed data volumes (Figure 2 and Figure 3). The bracketed numbers in the following discussion refer to typical examples of microstructures and mineral associations shown in Figure 3.


Figure 3. 2D micro-CT slices through the three volumes (V1–V3) at Day 0 and Day 192, showing the pre- and post-leaching ore fragment and MS grain geometries, and the changes to the internal structures observed in the column that are observed over time. The numbers correspond to the discussion in Section 3.1 and highlight key features and changes. All images are 2D slices in the radial (xy) plane 26 mm diameter.
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3.1. Qualitative Observation of an Ore during Leaching


Three main phases can be identified from their grey scale intensity (X-ray attenuation): air (black, low X-ray attenuation), gangue minerals (mid grey, mid X-ray attenuation), and grains with high metal content (pale grey to white, high X-ray attenuation) (Figure 1B). Both the gangue and metalliferous materials show local greyscale variability which corresponds to mineralogical or density variations. The calculated X-ray attenuation differences between pure specimens of the main Fe- and Cu- bearing sulfide phases (pyrite, chalcopyrite, chalcocite and covellite) are small (Figure 1C); hence mineral identification based on image greyscale intensity was not carried out in this case.



The material has been agglomerated to avoid partitioning of fines within the column. Very little non-agglomerated fine material was observed in the initial scan. All three volumes show variability in gangue and sulfide grain geometry, volume and distribution, as is expected in the ore bed for heap leaching. The gangue mineralogy can be subdivided into: large fragments of brighter, coherent homogenous material (Figure 3) (1); and areas of breccia containing angular to sub-angular fragments of the paler material (2); The darker breccia groundmass suggests that fine scale porosity (below image resolution) caused a reduction in the bulk density. The coherent fragments are often coated in a rind of the breccia groundmass (3) as intended through the agglomeration process; The coherent fragments typically have higher volume fraction sulfide (4) than the clasts (5) and groundmass (6) of the breccia; The sulfide grains are found as both fully enclosed or liberated grains (7); There are rare grains with much higher X-ray attenuation than the bulk of the metal-bearing phases. These grains are found both enclosed within regions of high metal content, and as isolated grains (8); and are accessory phases, possibly oxide phases.



The reduction in the total sulfide volume and sulfide grain number with increasing time of leaching is apparent in all slices, but there is significant spatial heterogeneity in the leaching efficiency. The breccia material generally shows a higher leaching efficiency (9); The more coherent ore fragments exhibit variable leaching behaviour: some show a high degree of leaching (10); others show very little change (11); and some exhibit internally variable leaching (12); Some of the larger liberated sulfide grains have been removed completely. In some instances, this appears to have occurred by leaching (13); whereas other grains may have dislocated from the region of study (14); Elsewhere the complex inter-grown nature of the sulfide phases is indicated by the variable and sieve like dissolution textures of some large sulfide grains (15), consistent with the differing leaching rates expected for pyrite, chalcocite and chalcopyrite.



Some coherent fragments contain clusters of highly attenuating, generally acicular to tabular accessory mineral phases (e.g., muscovite, chlorite, apatite, and amphibole etc.) (16). While the majority of the gangue and the oxide very highly attenuating phases (17) show little change during leaching, these crystals (18), and some smaller coherent fragments (19) have much lower post-leach attenuation. This implies preferential leaching of highly attenuating elements or more probably the partial or complete dissolution of the accessory phases, leaving high porosity regions within the rock fragments.



Fracture of the ore during primary crushing has, in rare cases, exploited narrow continuous planar sulfide bearing veins (20) leaving sulfide rich zones exposed along the surfaces of the coherent fragments. However, the more common mineralised veins contain larger more discontinuous, sometimes isolated, sulfide grains (21) and run through the interiors of fragments. Both forms of vein hosted sulfide are found as conjugate pairs in some fragments. In almost all cases the veins have been leached very efficiently (22). The initial ore has rare small fracture networks that may permit deeper fluid penetration. These are found in both the coherent and brecciated regions and seen to widen during leaching (not shown). Other fractures visible in the post-leaching images suggest that many of the fracture networks may be beyond image resolution (33 µm) until they are widened by the leachate.



The pre- and post-leaching volumes showed movement and rotation of some fragments with respect to their neighbours and minor transport of darker agglomerated material (23) and some vertical compaction. Percolation of leachate fluids through the column is expected to evolve through time where the external (inter fragment) and internal (within fragment) porosity and fracture networks are affected by the leaching process.





4. Quantitative Assessment


Inter-particle porosity was segmented using a threshold value determined from the local minima between the air and gangue peaks in the greyscale intensity histogram. This method identifies only the largest internal pores within the fragments (Figure 3). Assessment of the full intra-fragment porosity was not achievable using the resolution suited to these typical laboratory experimental scanning conditions, but binary segmentation results (ore = 1, not ore = 0) were used to perform preliminary quantification of the ore and the inter-particle pore network.



The grains of the highly X-ray-attenuating accessory phases and the volumetrically dominant sulfide phases (hereafter termed MS grains) were segmented using a simple automatic threshold criterion multilevel thresholding technique. The thresholding segments all particles of pyrite, chalcopyrite and the highly attenuating oxides from the gangue minerals. A series of standard 2D and 3D image filtering techniques were tested, but all removed a significant and variable number of MS grains that could be tracked through time (i.e., are not noise), so no noise reduction filters were applied before segmentation. The segmentation yields a second binary volume (MS = 1, non-MS = 0). While some of the small particles segmented using this method will be image noise, most will be sub-voxel sized MS grains. Image noise, partial volume effects and volume reduction mean that small particles were unlikely to be quantified accurately (not better than ± 5%) in all time points [28] when working with sub volumes of the data and on individual MS grains. We therefore applied a volumetric filter used to discard all grains with volumes below of 5 voxels (~180,000 µm3). All volume assessments are presented as volume fractions. All voxels not labelled as metal sulfide (MS grains) or pore after both segmentation methods were defined as gangue.



4.1. Column Scale Parameters and Bulk Leaching Behaviour


From the µCT images, the column was estimated to contain ~67% ore by volume. This is consistent with voidages of 38% and 41%, estimated gravimetrically and by tomographic imaging, for the packing of the same ore into a similar column for MRI studies [29]. At Day 0, the ore was estimated to contain 6.9 vol % MS from the µCT images. This calculated volume is somewhat higher than is expected from a bulk mineralogical analysis (the ore contains a total of ~4.0 wt % pyrite, ~0.5 wt % chalcopyrite, and a total of ~5.4 wt % MS phases (i.e., all sulfide and oxide phases), but includes a single very large MS grain found within the column (Figure 2). This single particle makes up ~1.5 vol % of the total ore. If this grain is not included in the calculation, the MS volume fraction (~5.4 vol %) is in good agreement with the known composition. The MS volume fraction reduces from 6.9 vol % (Day 0) to 4.0 vol % (Day 192) (Figure 2): a reduction of 41.9% over the leaching period. The total ore volume shows minimal change over the same period (2%). Discounting the single large grain from both the pre- and post-leaching calculations generates a more representative bulk MS volume reduction of 48.2% (5.4% Day 0; 2.8% Day 192).



Spatial heterogeneity of the MS grain distribution and leaching efficiency is visible in the full column data, suggesting local controls on leaching may operate at a local (1–30 mm) scale. It is well recognised that spatial heterogeneity of the mineral grain distribution and variation in fluid distribution across the heterogeneous packing will contribute to such spatial variation. We use the three sub-volumes of the column to assess the magnitude of this localised variability.




4.2. Volume & Fragment Scale Behaviour


Volume renders of the MS grains in V1, V2 and V3 are shown in Figure 4. The initial volume fraction MS is highly variable: 1.65% in V1, 3.06% in V2, and 3.69% in V3 (Table 1), and the volume reduction increases down the column, from 34.12% (V1) to 52.71% (V3). The average of the V1, V2 and V3 volume reductions (45.8%) is in good agreement with the bulk value determined on the entire column (41.9%). Macro scale quantification therefore hides significant local variability in leaching. Image registration ensured that the same volume of ore was scanned at each time point, but local rotation of the more coherent fragments, small scale changes in the fine-grained breccia groundmass and vertical compaction have been identified (Figure 2). However, the total volume of the ore and the volume fraction of the column that is accessible to liquid in each volume varies very little over the time period of 192 days (30.54% to 37.12% for the latter) (Table 1).


Figure 4. 3D render of the MS grains at Day 0 and Day 192, showing the overall reduction during leaching. MS grains are rendered in gold. The gangue has been rendered invisible. Only MS grains with volume >5 voxels are shown. The surfaces have been down sampled by a factor of 2 in all dimensions to improve clarity of the figure. The outline of the column volume is shown in white. All scale bars are 5 mm. See Figure 2 for the location of the scan within the column.
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Table 1. Volumetric changes observed.







	

	
V1

	
V2

	
V3




	
Day 0

	
Day 192

	
Day 0

	
Day 192

	
Day 0

	
Day 192




	
Volume of ore (voxels)

	
97,733,700

	
95,388,930

	
98,112,370

	
99,623,260

	
104,996,300

	
103,069,400




	
Volume of ore (mm3)

	
3512

	
3428

	
3529

	
3580

	
3773

	
3704




	
Number of MS grains *

	
12,112

	
8474

	
20,929

	
7859

	
29,844

	
14,093




	
Volume of MS (voxels) *

	
1,608,660

	
1,034,291

	
2,997,445

	
1,505,130

	
3,878,633

	
1,800,546




	
Volume of MS (mm3)

	
57.81

	
37.17

	
10772

	
52.09

	
139.39

	
64.71




	
Volume % MS

	
1.65%

	
1.08%

	
3.06%

	
1.51%

	
3.69%

	
1.75%




	
% Reduction in MS in Scan Volume

	
34.12%

	
50.55%

	
52.71%




	
Pore volume (voxels)

	
54226640

	
56359170

	
52380510

	
52121250

	
46337550

	
49092750




	
Pore volume (voxels)

	
1949

	
2025

	
1882

	
1873

	
1665

	
1764




	
Connected Pore vol. (mm3)

	
1946

	
2024

	
1879

	
1872

	
1661

	
1762




	
Volume % connected pore

	
35.6%

	
37.1%

	
34.8%

	
34.3%

	
30.5%

	
32.2%




	
% Change in Pore Volume

	
−4.23%

	
1.2%

	
−5.5%




	
Accessible

	

	

	

	

	

	




	
Volume MS (mm3)

	
30.58

	
16.89

	
48.49

	
7.83

	
48.55

	
7.22




	
Volume % MS

	
0.87%

	
0.49%

	
1.38%

	
0.22%

	
1.29%

	
0.19%




	
% MS

	
52.90%

	
45.43%

	
45.02%

	
14.48%

	
34.83%

	
11.15%




	
Volume % removed

	
0.38%

	
1.16%

	
1.09%




	
Reduction in MS

	
43.42%

	
84.10%

	
84.86%




	
% leaching

	
67.31%

	
74.89%

	
56.08%




	
Directly Accessible

	

	

	

	

	

	




	
Volume MS (mm3)

	
7.18

	
4.57

	
10.95

	
0.61

	
1500

	
2.40




	
Volume % MS

	
0.20%

	
0.13%

	
0.31%

	
0.02%

	
0.40%

	
0.06%




	
Fraction MS

	
12.42%

	
12.30%

	
10.16%

	
1.13%

	
10.76%

	
3.72%




	
Volume % removed

	
0.07%

	
0.29%

	
0.33%




	
Reduction in MS

	
34.79%

	
94.52%

	
83.67%




	
% leaching

	
12.66%

	
19.01%

	
17.09%




	
Indirectly Accessible

	

	

	

	

	

	




	
Volume MS (mm3)

	
23.40

	
12.32

	
37.54

	
7.22

	
33.55

	
4.81




	
Volume % MS

	
0.67%

	
0.36%

	
1.06%

	
0.20%

	
0.89%

	
0.13%




	
% MS

	
40.48%

	
33.13%

	
34.85%

	
13.35%

	
24.07%

	
7.43%




	
Volume % removed

	
0.31%

	
0.86%

	
0.46%




	
Reduction in MS

	
46.07%

	
81.06%

	
85.39%




	
% leaching

	
54.65%

	
55.89%

	
39.00%




	
Inaccessible

	

	

	

	

	

	




	
Volume MS (mm3)

	
27.23

	
20.28

	
59.23

	
46.26

	
90.83

	
57.49




	
Volume % MS

	
0.78%

	
0.59%

	
1.68%

	
1.29%

	
2.41%

	
1.55%




	
% MS

	
47.10%

	
54.57%

	
54.98%

	
85.52%

	
65.17%

	
88.85%




	
Volume % removed

	
0.18%

	
0.39%

	
0.86%




	
Reduction in MS

	
23.68%

	
23.08%

	
35.52%




	
% leaching

	
32.69%

	
25.11%

	
43.92%








* All particles less than 5 voxels in volume have been ignored in these calculations, this equates to 1.4% of total M-phase voxels at Day 0, and 0.92% ± 13% (2σ) for Day 192. Uncertainty on each grain size fraction in the data set is <<1% [28].








The time series allow us to assess the application of the quantitative techniques for determination of the rate of MS volume reduction. All volumes are within a single column and experience similar leaching conditions provided through the irrigant; however, some spatial variation in leaching conditions and irrigant flow may be expected owing to variations in distribution of liquid flow across the unsaturated ore bed in the column. The temporal volume reduction across scan volumes is shown in Figure 5. This study focussed on applying quantitative techniques to assess the magnitude of MS volume reduction and the scale of leaching heterogeneity, not the specific leaching conditions. To assess the ability of the μCT images to record the response to a change in system conditions, the temperature of the column was increased from 23 °C to 60 °C on Day 64 using heating tape, to simulate conditions within industrial scale heaps. V1 and V2 show negligible (V1) to very low volume reduction rate (V2) during the low temperature portion of the experiment (Day 1–60) followed by a faster volume reduction rate once the temperature had been increased, in accordance with the expected impact of temperature on leach rate of sulfidic minerals, especially chalcopyrite. V3 shows a similar reduction rate at the high temperature as seen in V2, but more variability in the early stage data at ambient temperature.


Figure 5. Reduction in MS grain volume fraction with time for V1 (red diamonds), V2 (blue squares) and V3 (yellow triangles). The slight variations and increase in volume fraction MS as heating was initiated (V2 and to a lesser extent V3) are an artefact of the sample structural changes at this time, they do not influence the overall analysis of the data presented elsewhere. Increased leaching caused greater bulk change in gangue distribution in the lower part of the column at this time.
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Inspection of the 2D slices through the column volume suggests that the V1, V2 and V3 averaged reductions hide spatial variability on the inter- and intra-fragment scale. All of the ore volume was used to generate binary segmented datasets of every MS grain in the volume at each time point. In addition, fragment scale behaviour was quantified by the definition of a series of regions, where sub-regions of each volume were manually (automation of this process was impossible because of the changes in the overall porosity and mineralogy present) divided into a number of fragment scale regions at Day 0. In the Day 0 mask definition, all masks were set so that the boundaries did not pass through large MS grains. Each region encloses one or more distinct coherent fragments. Each of the 28 regions (distributed across all three volumes, see Table 2) was used to generate ore and MS sulfide binary segmented datasets for more detailed analysis of the volume fraction MS in each region at through time. A second suite of regions was used to define a selection of the large liberated MS grains.



Table 2. Volumetric changes observed.







	
#

	
Type

	
Frag vol * (%)

	
Radii µm

	
MS vol % (D0)

	
MS vol % (D192)

	
MS Reduct.(%)

	
A (D0) %

	
dA (D0) %

	
idA (D0) %

	
nA (D0) %

	
A (D192)%

	
dA (D192)%

	
idA (D192) %

	
nA (D192)%

	
Δ dA vol %

	
% Reduct.

	
Δ idA vol %

	
% Reduct.

	
Δ nA vol %

	
% Reduct.

	
Total Recovery (%)




	
dA

	
idA

	
nA






	
Fragments in V1 (top)




	
1

	
1bc

	
4.42

	
1551

	
0.25

	
0.08

	
69.5

	
0.15

	
0.06

	
0.09

	
0.05

	
0.06

	
0.01

	
0.05

	
0.01

	
0.05

	
77.7

	
0.04

	
44.7

	
0.03

	
74.7

	
40.4

	
31.9

	
27.8




	
2

	
1ef,2

	
1.22

	
1551

	
1.10

	
0.22

	
79.6

	
0.52

	
0.26

	
0.25

	
0.40

	
0.17

	
0.04

	
0.12

	
0.00

	
0.22

	
84.3

	
0.13

	
51.2

	
0.40

	
100

	
29.3

	
17.2

	
53.5




	
3

	
2c

	
0.27

	
1056

	
6.12

	
3.95

	
35.4

	
4.88

	
0.50

	
4.38

	
1.19

	
3.14

	
0.13

	
3.01

	
0.81

	
0.37

	
74.0

	
1.37

	
31.2

	
0.38

	
31.8

	
17.6

	
64.6

	
17.9




	
4

	
1bcec

	
2.54

	
2244

	
0.66

	
0.11

	
83.2

	
0.14

	
0.07

	
0.07

	
0.37

	
0.08

	
0.03

	
0.06

	
0.03

	
0.05

	
62.9

	
0.01

	
19.1

	
0.35

	
93.0

	
11.2

	
3.4

	
85.5




	
5

	
1bcd

	
4.34

	
2244

	
0.59

	
0.28

	
52.2

	
0.33

	
0.16

	
0.17

	
0.17

	
0.18

	
0.05

	
0.13

	
0.10

	
0.11

	
69.4

	
0.04

	
21.4

	
0.08

	
43.5

	
50.0

	
16.2

	
33.8




	
6

	
1b

	
10.79

	
3168

	
0.30

	
0.12

	
61.3

	
0.16

	
0.07

	
0.09

	
0.10

	
0.10

	
0.02

	
0.08

	
0.02

	
0.05

	
69.7

	
0.01

	
15.6

	
0.08

	
81.6

	
32.5

	
9.9

	
57.6




	
7

	
2bc

	
8.95

	
2772

	
0.49

	
0.15

	
68.7

	
0.18

	
0.08

	
0.10

	
0.20

	
0.10

	
0.02

	
0.08

	
0.05

	
0.06

	
73.5

	
0.02

	
21.4

	
0.16

	
75.8

	
24.9

	
9.4

	
65.7




	
8

	
1a

	
2.72

	
1419

	
2.79

	
0.67

	
75.9

	
1.73

	
0.46

	
1.27

	
0.83

	
0.56

	
0.09

	
0.47

	
0.11

	
0.37

	
80.3

	
0.80

	
63.3

	
0.72

	
86.4

	
19.6

	
42.4

	
38.0




	
9

	
1bd

	
14.40

	
2574

	
1.69

	
0.78

	
53.6

	
0.61

	
0.17

	
0.45

	
0.83

	
0.36

	
0.04

	
0.31

	
0.43

	
0.12

	
74.3

	
0.13

	
29.8

	
0.40

	
48.4

	
18.9

	
20.1

	
61.0




	
10

	
2bc

	
21.04

	
3498

	
3.52

	
2.72

	
22.6

	
0.70

	
0.12

	
0.58

	
2.46

	
0.42

	
0.03

	
0.39

	
2.30

	
0.09

	
75.3

	
0.19

	
33.0

	
0.16

	
6.4

	
21.0

	
43.2

	
35.8




	
Fragments in V2 (middle)




	
11

	
1bc

	
0.98

	
1419

	
1.27

	
0.07

	
94.7

	
0.61

	
0.27

	
0.33

	
0.66

	
0.05

	
0.02

	
0.03

	
0.02

	
0.25

	
92.4

	
0.30

	
90.8

	
0.64

	
97.6

	
21.1

	
25.3

	
53.6




	
12

	
1bc

	
2.95

	
1947

	
0.49

	
0.01

	
98.6

	
0.39

	
0.16

	
0.23

	
0.10

	
0.00

	
0.00

	
0.00

	
0.00

	
0.16

	
98.5

	
0.23

	
99.9

	
0.09

	
95.8

	
32.8

	
47.8

	
19.4




	
13

	
1bef

	
1.60

	
1848

	
1.14

	
0.01

	
98.9

	
0.28

	
0.14

	
0.14

	
0.86

	
0.00

	
0.00

	
0.00

	
0.01

	
0.14

	
100

	
0.14

	
99.7

	
0.84

	
98.6

	
12.8

	
12.1

	
75.1




	
14

	
1a

	
2.99

	
2541

	
1.19

	
0.05

	
96.1

	
0.55

	
0.23

	
0.32

	
0.65

	
0.03

	
0.01

	
0.01

	
0.02

	
0.22

	
94.5

	
0.30

	
95.4

	
0.63

	
97.1

	
19.0

	
26.2

	
54.9




	
15

	
1cec

	
3.43

	
1947

	
4.43

	
1.40

	
68.3

	
2.41

	
0.23

	
2.17

	
2.02

	
0.02

	
0.00

	
0.01

	
1.39

	
0.23

	
98.3

	
2.16

	
99.4

	
0.63

	
31.3

	
7.6

	
71.5

	
21.0




	
16

	
1ac

	
39.3

	
5214

	
4.19

	
3.27

	
22.0

	
1.42

	
0.14

	
1.28

	
2.77

	
0.42

	
0.01

	
0.41

	
2.85

	
0.14

	
93.6

	
0.87

	
67.8

	
−0.08

	
−2.9

	
14.7

	
94.0

	
−8.7




	
Fragments in V3 (bottom)




	
17

	
1a

	
2.25

	
2244

	
0.33

	
0.01

	
96.6

	
0.12

	
0.09

	
0.02

	
0.21

	
0.00

	
0.00

	
0.00

	
0.01

	
0.09

	
99.2

	
0.02

	
95.1

	
0.20

	
95.5

	
29.74

	
7.03

	
63.23




	
18

	
1a

	
0.55

	
1617

	
2.83

	
1.35

	
52.4

	
1.51

	
0.52

	
0.99

	
1.32

	
0.50

	
0.09

	
0.41

	
0.84

	
0.42

	
81.8

	
0.59

	
58.9

	
0.48

	
36.1

	
28.43

	
39.44

	
32.13




	
19

	
1c

	
1.61

	
1914

	
1.59

	
0.59

	
62.9

	
0.56

	
0.27

	
0.29

	
1.03

	
0.02

	
0.02

	
0.00

	
0.57

	
0.25

	
92.9

	
0.29

	
98.9

	
0.46

	
44.9

	
24.88

	
28.85

	
46.27




	
20

	
1b

	
2.99

	
1782

	
1.25

	
0.17

	
86.2

	
0.50

	
0.14

	
0.36

	
0.75

	
0.03

	
0.01

	
0.02

	
0.14

	
0.14

	
93.6

	
0.34

	
94.0

	
0.60

	
81.0

	
12.57

	
31.39

	
56.04




	
21

	
1b,d

	
3.98

	
1947

	
1.24

	
0.18

	
85.4

	
0.43

	
0.20

	
0.24

	
0.81

	
0.06

	
0.03

	
0.03

	
0.12

	
0.16

	
83.8

	
0.21

	
87.9

	
0.69

	
85.0

	
15.51

	
19.61

	
64.88




	
22

	
1a

	
4.60

	
2079

	
1.38

	
0.89

	
35.2

	
0.45

	
0.21

	
0.25

	
0.93

	
0.18

	
0.07

	
0.12

	
0.71

	
0.14

	
67.6

	
0.13

	
52.7

	
0.22

	
23.3

	
28.96

	
26.57

	
44.47




	
23

	
1b

	
5.01

	
2607

	
1.41

	
0.17

	
88.2

	
0.63

	
0.13

	
0.50

	
0.78

	
0.03

	
0.01

	
0.02

	
0.14

	
0.12

	
93.5

	
0.48

	
96.1

	
0.64

	
82.3

	
9.75

	
38.89

	
51.35




	
24

	
1a

	
2.61

	
1650

	
3.75

	
0.35

	
90.8

	
1.77

	
0.37

	
1.40

	
1.98

	
0.12

	
0.04

	
0.08

	
0.23

	
0.33

	
90.4

	
1.32

	
94.0

	
1.75

	
88.5

	
9.75

	
38.68

	
51.57




	
25

	
1c, 2c

	
4.60

	
2046

	
6.23

	
1.16

	
81.4

	
2.47

	
0.51

	
1.96

	
3.75

	
0.07

	
0.04

	
0.04

	
1.09

	
0.48

	
92.8

	
1.92

	
98.2

	
2.67

	
71.0

	
9.40

	
37.98

	
52.62




	
26

	
1a

	
43.28

	
5907

	
5.32

	
3.31

	
37.8

	
0.84

	
0.14

	
0.70

	
4.47

	
0.08

	
0.02

	
0.07

	
3.22

	
0.12

	
86.6

	
0.64

	
90.7

	
1.25

	
28.0

	
6.02

	
31.73

	
62.25




	
Liberated MS grains (across all three volumes)




	
1

	
3

	
0.06

	
693

	
13.04

	
9.41

	
27.9

	
12.98

	
2.71

	
10.27

	
0.13

	
9.40

	
0.67

	
8.74

	
0.00

	
2.04

	
75.4

	
1.54

	
15.0

	
0.13

	
100

	
55.05

	
41.45

	
3.50




	
2

	
3

	
0.08

	
792

	
42.21

	
38.01

	
9.9

	
42.67

	
8.87

	
33.80

	
0.00

	
38.01

	
3.10

	
34.90

	
0.00

	
5.77

	
65.0

	
−1.11

	
−3.3

	
0.00

	
n/a

	
123.73

	
23.73

	
n/a




	
3

	
3

	
0.11

	
726

	
61.55

	
11.28

	
81.7

	
61.55

	
12.08

	
49.47

	
0.00

	
11.28

	
1.39

	
9.88

	
0.00

	
10.69

	
88.5

	
39.58

	
80.0

	
0.00

	
n/a

	
21.26

	
78.74

	
n/a




	
4

	
3

	
0.06

	
396

	
38.58

	
1.97

	
94.9

	
38.33

	
11.50

	
26.83

	
0.25

	
1.73

	
0.52

	
1.21

	
0.24

	
10.98

	
95.5

	
25.62

	
95.5

	
0.01

	
2.84

	
29.99

	
69.99

	
0.02




	
5

	
3

	
0.07

	
330

	
57.40

	
4.33

	
92.5

	
57.39

	
17.79

	
39.60

	
0.00

	
3.99

	
2.27

	
1.72

	
0.00

	
15.52

	
87.2

	
37.88

	
95.7

	
0.00

	
n/a

	
29.07

	
70.93

	
n/a




	
6

	
3

	
0.07

	
528

	
45.03

	
44.33

	
1.6

	
45.02

	
9.87

	
35.15

	
0.00

	
44.33

	
9.34

	
34.99

	
0.00

	
0.54

	
5.4

	
0.16

	
0.6

	
0.00

	
n/a

	
77.05

	
22.95

	
n/a








All particles less than 5 voxels in volume have been ignored in these calculations, this equates to 1.4% of total M-phase voxels at Day 0, and 0.92% ± 13% (2σ) for Day 192. * Fragment volume as fraction of the total scan volume. All MS vol % MS grains are calculated for each fragment 1: coherent fragment, 2: dominantly breccia, 3: dominantly liberated MS grain; a: uniform distribution of MS grains; b: non uniform distribution of MS grains, c: large MS grains; d: high internal porosity; e: vein (containing course/fine MSc/f). A: Accessible (dA: directly accessible and idA: indirectly accessible); nA: not accessible.








At this fragment scale the initial MS volume fraction (Table 2) ranges from 0.25% to 6.23% for the typical regions and from 13.04% to 61.55% for the liberated grains. The fragment-based volume fraction reductions range from 21.99% to 98.94% (except for two of the liberated grains which showed reductions <10%), and the majority of the regions showed in excess of 50% reduction in MS volume fraction (Table 2). There is no relationship between the reduction and the initial MS content of the total fragment volume. The largest fragments (3, 13, and 25; Table 2) show some of the lowest volume reductions, but the reductions in the smaller fragments show no clear volume dependence. This suggests that a simple shrinking core mechanism is a poor model of the behaviour, and that the penetration of the leachate into the fragments is spatially variable. A qualitative assessment of fragment specific features such as MS distribution, overall MS grain size, occurrence of veins or atypically high porosity also apparently have little influence on the overall reduction in MS volume (Table 2), although full quantification of the features is beyond the scope of this study. Detailed analysis of leaching efficiency with distance from the particle boundary [21], performed on a different agglomerated column from same deposit suggests preferentially leaching of MS grains within a 2 mm annulus of the particle boundary. Fragments with similar MS volume fractions show a greater difference in behaviour within a single column volume (e.g., 5 and 7; Table 2) than they do along the column (variability between V2 and V3 is same as within V1 for all fragments with MS < 1%), and the range of leaching efficacies along the column is also constant (V1: 22.6% to 83.0% reduction, V2: 22.0% to 98.9% reduction, V3: 35.2% to 96.6% reduction).





5. Quantification of Ore Exposure


The 3D images reveal the complexity in the spatial distribution of volume reduction. The volume of accessible MS grains (grains exposed on the surface) is widely used to assess the potential recovery from an ore. For V1–V3, a binary map of the external connected “leachate accessible” porosity was used to calculate the Euclidian distance between every ore voxel and the nearest ore–pore interface. A filter was applied to the resultant distance maps to generate a mask containing all the voxels less than 3 voxels from the pore–ore interface, and that therefore have face, edge or corner contact with the pore volume. These voxels are defined as directly accessible to the external pore volume (gold, Figure 6). This definition allows for roughness in the ore surface which is beyond the spatial resolution of the images. Each MS voxel was defined as either being directly, indirectly or not accessible (Table 1). Directly accessible MS voxels are within the surface region defined above; indirectly accessible voxels are part of MS grains that have contact with an accessible MS voxel (red, Figure 6). We can then investigate the relationship between the changing MS grain volume and sulfide accessibility; testing the assumptions regarding accessibility and leaching.


Figure 6. 3D render showing the accessibility of the leached grains at Day 0 and Day 192. Gold—directly accessible; Red—indirectly accessible; Purple—not accessible. The gangue has been rendered invisible. Only MS grains with volume >5 voxels are shown. The surfaces have been down sampled by a factor of 2 in all dimensions to improve clarity of the figure. The outline of the column volume is shown in white. All scale bars are 5 mm.
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5.1. Volume Scale Behaviours


Prior to leaching ~53% of the MS grains (0.87 vol %) in V1, 45% of the MS grains in V2 (1.38 vol %), and 35% of the MS grains in V3 (1.29 vol %) are accessible (Table 1). After leaching the volume of accessible MS has reduced significantly, but this reduction in V1 is substantially lower (~43% reduction) than in V2 and V3 (~84% reduction). The volume of non-accessible MS has also reduced by between 23% (V1 and V2) and 35% (V3). V2 and V3 show very similar leaching behaviour with very efficient leaching in both the directly and indirectly accessible regions and less efficient leaching of non-accessible MS. When considering the location on the leaching, the greatest contribution to the overall reduction comes from the indirectly accessible MS in V1 and V2 and from the directly accessible MS in V3, correlating to the regions of the ore with the highest MS content.



Large non-leached liberated MS grains will strongly bias the directly and indirectly accessible measurements; however, these are relatively evenly distributed through the column and so are unlikely to account for the observed differences between the volume behaviours. Without a better constraint on the spatial distribution of the different MS phases before and after leaching, further interpretation of this data is difficult; however, our numerical approach suggests that simple accessibility in terms of access through porosity at the scale used in this analysis is not the only defining parameter for the prediction of recovery of the leachable fraction from real ores. This may partly be complicated by the differing leachability of the different mineral sulphides present as well as by characteristics of the individual mineral grains.




5.2. Fragment Scale Behaviours


Applying the region masks to the directly, indirectly and non-accessible MS voxel maps shows that volume scale quantification obscures the detail of fragment scale behaviours. Minimum reductions range from 63% (directly accessible) to 0% (non-accessible), and complete removal of all MS is observed from all regions at least one fragment. For fragments with similar initial MS content, volume reductions can range from 35% to 88%. For two particular fragments (22 and 23; Table 2) with mid-range initial MS (~1.4 vol %), the larger fragment has the higher leaching efficacy. On first inspection, there is no reduction in leaching efficacy with increasing fragment volume (Figure 7); however, the calculated volume of each of the fragments does not assess fragment geometry, and for the highly irregular fragments in this agglomerated ore, the fragment volume does not assess total leachate penetration distance. Further, variation in the leaching kinetics of the metal sulfides present is well accepted, implying that a differential analysis of these sulfides would be necessary for rigorous assessment of the leaching mechanism.


Figure 7. Fragment scale leaching behaviour showing the lack of correlation between fragment volume and fragment scale volume fraction MS reduction for V1 (red diamonds), V2 (blue squares) and V3 (yellow triangles). Only MS grains with volume >5 voxels are included in the calculations.
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6. Spatial Heterogeneity in MS Leaching Behaviour


Our analysis shows that the large-scale volume averaging used in quantification on the column and volume scale obscures significant spatial heterogeneity in MS volume reduction. The heterogeneity implies that better understanding of the mechanisms controlling leaching efficacy and quantification of the behaviours on the mm3 to cm3 scale is required. The increased efficiency of leaching at lower positions in the column (V3) suggests that consumption of the reagents as the solution percolates through the column was sufficiently small not to affect the leaching according to the desired experimental design of this small-scale system; hence consistent leaching could be expected in the axial direction down the column, and is confirmed by the very small change in pH and redox potential of the feed irrigant and effluent confirming abundance of protons and ferric iron as leach agents throughout the column. Excessive reagent consumption (not seen) would decrease the total volume reduction down-column, and/or cause a temporal offset; with leaching initially occurring at the top of the column and a reaction front progressing downward as Cu extraction is completed. The data from this column does not show a clear offset in the progression of leaching (Figure 5), supporting the provision of excess leach agent throughout the column. The distribution of the leaching probably reflects the widening lateral dispersion of the reagent as it percolates downward [30], potential wall effects and the presence of rivulets of irrigant [29,31] Between V1 and V2 one very oblate fragment extends across most of the column cross sectional area (see Figure 2), and could generate significant flow disruption. The geometry of the fragment may generate multiple drip points and a higher density of flow rivulets through the lower section of the column.




7. Conclusions


A lack of understanding of the mm3 to cm3 controls on leaching from ore fragments under heap conditions limits the development of predictive models that can be used to improve total Cu recovery and heap efficiency. Existing models generally fail to incorporate leaching behaviour variability across different length scales because they have insufficient experimentally-derived information to link macro and micro scale understanding. Using a Cu-sulfide bearing low-grade agglomerated ore we have used X-ray computed tomography to provide a detailed analysis of the magnitude of the spatial heterogeneity in the sulfide distribution in the agglomerated ore, the magnitude of the volume reduction, and the spatial distribution of that leaching in relation to the accessibility of the sulfide grains. This suggests that at the mm3 to cm3 scale, leaching does not necessarily follow a simple shrinking core model. We applied a novel in situ, non-destructive form of the X-ray-computed tomography analytical method to perform high-resolution time series analysis of small-scale experimental leaching columns. This has enabled interrogation of the leaching controls that operate at the crucial intermediate length scale. Information provided by further investigation will deliver the necessary experimental parameters for better heap leaching models, and ultimately feed into developing better ore and heap specific leaching protocols.
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