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ABSTRACT   

Among the numerous challenges recently confronting the mining industry is the need to process ore 

with successively lower grades due to the continuous depletion of high-grade deposits. This 

increases the consumption of energy and water and, thus, the operational costs at a mine site. 

Multimodal sorting represents a promising technique to achieve pre-concentration of valuable 

minerals already at an early stage in the metallurgical process.  

In the ERA-MIN2 project “Reduction of Energy and Water Consumption of Mining Operations by 

Fusion of Sorting Technologies LIBS and ME-XRT” (REWO-SORT), a fusion technology including 

laser-induced breakdown spectroscopy (LIBS) and multi energy X-ray transmission (ME-XRT) is 

being developed by a multidisciplinary expert consortium. The project aims at classifying crushed 

mineral particles on a conveyor belt with the aid of deep learning technologies. In addition, the 

operating conditions to work with high throughput while keeping a particle monolayer on the 

conveyor belt have been identified. The latter objective is addressed using discrete element method 

(DEM) simulations. Parameter calibrations were experimentally obtained using a copper sulfide ore 

from the Rafaela mining company (Chile). The combination of LIBS and ME-XRT is promising, as 

they complement each other regarding analytical and particle selection capabilities: LIBS can 

provide an elemental analysis of the sample surface, while ME-XRT produces volumetric data with 

lower accuracy. Both sensors will be combined to extrapolate accurate and representative 

volumetric data, thereby securing an optimal particle selection at high throughputs. First 

measurements and analyses of ore samples using LIBS and ME-XRT, as well as their correlation 

with the Cu concentration obtained by reference lab analysis will be presented and discussed. 

Preliminary DEM studies indicate the existence of a threshold of conveyor belt surface area covered 

with particles of around 85%. Above this value the particle monolayer cannot be maintained, 

imposing another restriction for the speed of sensor analysis.   
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INTRODUCTION  

Mined ore grades are steadily decreasing in many mine sites across the globe, especially for Cu ores  

[Schodde2010]. Dilution becomes a major problem regardless the selected exploitation method.  

Sorting technologies have been suggested as an interesting path to reduce operating costs and 

energy in comminution stages and, possibly, water consumption in subsequent mineral separation 

operations [Northey2013; Northey and Haque2013]. Indeed, the implementation of several particle 

size reduction stages is necessary in concentrators and in hydrometallurgical plants. Particularly, in 

the case of copper sulfide ores, the mass percent of gangue material is usually ten-fold or more that 

of valuable material. This may aid in implementing an early mineral separation stage, utilizing 

modern sensor technologies, in the metallurgical workflow between the crushing and the 

conventional separation stages.  

The overall aim of the REWO-SORT project is to assess the technical feasibility of an improved 

sorting technology enabling to reduce the amount of gangue material entering the concentrator 

without removing valuable minerals. Fresh water and energy requirements are usually referred to 

the solids feed flow rate which will increase its grade in valuable material when using this 

technology. The inventory of valuable material in the concentrator will increase and the mass flow 

rate in the concentrate will increase accordingly. Therefore, the production of concentrate per unit 

of fresh water will also increase. In order to achieve improved sensitivity and selectivity, two lines 

of research are presented:   

i.- Two sensor technologies are combined, namely Laser-Induced Breakdown Spectroscopy (LIBS) 

and Multi-Energy X-Ray Transmission (ME-XRT), which offer complementary information on the 

ore sample [Firsching2011; Marche2016]. Dual energy X-ray imaging allows acquiring two images 

of the same object with different X-ray energies. Pixel-based calculation of the real density and 

possibly of the integral effective atomic number of the elements in the specimen can be achieved. 

Dual energy XRT sorting instruments are commercially available (TRL 9). The multi energy X-ray 

detector Multix ME100 [Multix] with spectral capabilities at Fraunhofer EZRT exhibits a detector 

providing up to 128 energy channels. ME-XRT has been shown to provide up to 3.5 times better 

accuracy regarding the separability of materials on a lab scale when using standard methods 

[Paulus2017]. LIBS methodology uses a high-power laser pulse for excitation and analyses the 

emitted atomic spectra that can be used to determine the elemental composition of the particle 

surface only [Hahn2012]. It can add a significant value for structural and functional characterization 

of minerals in a timespan of milliseconds [McMillan2007]. To account for spatial inhomogeneity, 

variable particle size distribution as well as non-linearity, it is necessary to collect data from a wide 

range of surface matrices. The pulse tuning can be performed to obtain best performance for 

different particle shapes and textures, as well as the operational analytical accuracy. Although the 

two measurement techniques are implemented in different spatial sections, in future data fusion 

will be performed using deep neural network strategies.  

ii.- Ore feeder – chute – conveyor belt design. The project also deepens into the current knowledge 

on the relationship between the conveyor belt speed characteristics, the ore physical properties and 

the system operating conditions enabling the production of a monolayer of particles with maximum 

ore throughput. The implementation of the sensors in ore sorting operations is usually installed 
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over a conveyor belt, where particles are transported in monolayer mode [Wills, 2016]. The flow 

rate of material from the ore feeder to the chute and then to the conveyor belt needs to secure the 

particle monolayer formation [Wills, 2016]. Physical properties such as static and dynamic friction 

coefficient, restitution coefficient, repose angle, apparent density, among other particle properties 

along with construction materials characteristics play a key role to secure the monolayer formation. 

Researchers have not profusely addressed this aspect, so this is a rather new topic to develop.  

METHODOLOGY  

Selection and preparation of samples  

The ore samples used in this study are from a stratabound copper deposit from the Rafaela mine in 

Chile. Two ore samples are taken based on the different ore types in the mine, i.e., copper oxide and 

copper sulfide mineralization. Petrographical studies were done on five thin sections prepared for 

each sample. Descriptions of the samples are summarized in Table 1. The particle size distributions 

of both ore samples have a P80 of 2 cm-5 cm approx.  

Table 1  Sample Description  

Ore type  Host Rocks    Copper Minerals  Gangue Mineralogy    

Cu- 

oxide  

Volcanic rocks    Atacamite, Chrysocolla,   

Tenorite, Malachite,   

Chalcocite  

Calcite, Quartz, Feldspar, Pyrite,    

Sphalerite (trace), Galena (trace),  

Arsenopyrite (trace)  

Cu- 

sulfide  

Limestone and    

calcareous sandstone  

Chalcopyrite, Bornite,   

Covellite   

Feldpars, Quartz, Mica, Chlorite,    

Calcite, Fe-oxide, Pb-oxide (trace),  

As-oxide (trace)  

ME-XRT and LIBS sensors   

In the first step of REWO-SORT, LIBS and ME-XRT were evaluated individually. Both 

measurement techniques have been performed in volume flow on samples of 4 particle sizes 

namely <1.2 mm, 1.2 - 4.75 mm, 4.75 - 10 mm, and > 10 mm. The results are used to differentiate 

between sulfide and oxide minerals as well as to assess the copper grade in the particles. Figures 1 

and 2 show the experimental setups used for each one of the ore samples.   

DEM simulations  

Rocky® software was used to run DEM simulations. Separately, a number of physical properties of 

the ore such as static friction coefficient, repose angle, apparent density and restitution coefficient 

were obtained experimentally. The simulations were built using an ore feeder – chute – conveyor 
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belt with the characteristics presented in Table 2. The mass flowrate varied between 2.5 kg/s and 3.0 

kg/s.  

Preliminary studies considered sphere particles of 25.4 mm diameter.  

  
Figure 1: Experimental setup used for ME-XRT scans. Figure 2: Experimental setup illustrating the LIBS 

volume flow measurement on CuS.  

Table 2  Dimensions of ore feeder – chute – conveyor belt used in the DEM simulations   

Item  Dimensions  

Conveyor belt  Length: 2000 mm, Width (pulley length): 200 mm, Pulley diameter: 50 mm, Number of 

rollers: 3, Troughing angle: 35°   

Chute  Three sections. Angle (with horizontal level), length (mm):  first section: 65°, 300; 

second section: 35°, 195; third section: 15°, 200. Width reduction: first section: 384 mm to 

284 mm, second section: 284 mm to 234 mm, third section: 234 mm to 134  mm.  

Feeder  Conic section with squared base. Height: 410 mm, Top side length: 500 mm, Bottom side 

length: 90 mm.  

RESULTS AND DISCUSSION  

Results on ME-XRT  

The spectral response of an energy-resolving X-ray detector is not the true, but a distorted version 

of the incident spectrum [Dreier2018]. Therefore, the analysis of ME-XRT measurements requires a 

calibration of the detector. The algorithm used within the REWO-SORT project is based on a 

method introduced by Alvarez [Alvarez2016]. For the calibration of the detector, measurements of 

various combinations of materials and material thicknesses were performed. Further, the influence 

of X-ray parameters like tube voltage and current were investigated for different combinations of 

calibration materials. Based on this work, the rock samples were measured and analyzed.  

ME-XRT scans were executed for 20 sulfide and 20 oxide rock samples placed on a conveyor belt  
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(Figure 3). The signal from all available energy channels was collected into two bins. Analysis was 

performed based on calibration measurements using Cu and glass, which was chosen since its 

effective atomic number is similar to different kinds of gangue materials.  

  
Figure 3: (a) Photograph of ten sulfide rocks on the conveyor belt. (b) X-ray transmission image of the rocks. 

The signal from 128 energy channels of the detector is integrated. Differences in absorption are due to material 

or thickness variations.  

The resulting Cu-concentration images show local fluctuations in the Cu content (Figure 4, a). Image 

segmentation was used to allow the calculation of the average Cu concentration of each rock 

sample. For the 20 oxide rocks, it was found to be below 2 %. For the sulfide rocks, a Cu content 

between 2 % and 4 % was estimated. Only one rock contained a higher concentration of 

approximately 6 %.  

  
Figure 4: (a) Cu concentration of the rocks shown in Figure 3. (b) Comparison of the Cu concentration found in 

the 20 sulfide rocks by ME-XRT and XRF.  

The results obtained by ME-XRT were compared to X-ray fluorescence (XRF) data. Like LIBS, XRF is 

used to measure the chemical composition of a material locally on the surface. Spatial variations of 

the Cu content were found for the examined rocks. For a better approximation of the ME-XRT 

volume data, four XRF measurements at random positions were executed for each sample and the 

obtained Cu concentrations were averaged. Still, the comparison of ME-XRT and XRF must be 

treated with care: Although some correlation can be observed, a clear correlation of the results from 
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both methods can only be expected for very homogeneous samples. However, the samples used in 

this study show a rather high inhomogeneity. The disagreement found for the sulfide rocks (Figure 

4, b) and even more for the oxide rocks (not shown) might be due to local variations in the Cu 

content.   

LIBS sensor  

Emission spectra have been collected which show the prominent presence of Cu, Ca, Mg, Al, Si, Mn, 

and many trace elements. Measured spectra in all particle sizes show high Mn in the oxide samples 

and high Ca in sulfide samples. Therefore, by applying experimental principal component analysis 

(PCA) and a neural network (NN) approach on the collected spectra, oxide and sulfide samples can 

be clearly distinguished from each other based on their clear variation in Mn and Ca content. 

Reference elemental analysis of oxide ore samples of all particle size fractions has been performed 

and the concentration of Cu, Mn and Ca has been determined. The result shows that Cu and Mn 

concentration increases with reducing the particle size, which is an expected trend. Ca, however, 

differs from this usual trend. In averaged LIBS spectra of oxide ore samples (having the particle size 

of < 1.2 mm and 1.2 mm - 4.75 mm), line intensity of Cu, Mn and Ca matches with the reference 

analysis. Additionally, two gangue (Pyrite: three samples, Sphalerite: two samples) and three ore 

minerals (Chalcopyrite: two samples, Bornite: three samples, Chalcocite: two samples) have been 

measured with LIBS to gain in-depth knowledge of the mineralogical composition.   

  

Figure 5: Example of UV spectrum evaluated with Sec  Figure 6: The diagram shows the result of PCA  

Viewer (X-axis: Wavelength in nm; Y-axis: Intensity)          analysis (with three eigenvalues) where each point 

represents one spectrum.  

The spectral data have been analyzed with Sec Viewer software and the Sec Analysis Tool (Figure 

5). With the former, one can evaluate acquired spectra and find optimal preprocessing methods. 

The latter is used for building individual calibration functions by offering a wide range of analysis 

methods. The recorded spectra were divided into a calibration and a validation data set. Optimal 

preprocessing tools (offset/ baseline removal, normalization algorithms) have been implemented 

during the preprocessing of acquired spectra. The calibration data set was used to carry out a 

principal component analysis (PCA) and to train a neural network to differentiate the samples. The 

reliability of the method was checked with the independent validation record. After the completion 
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of reference analysis of 20 selected stones from each group, the calibration of LIBS measurements 

was performed. Out of 1997 validation spectra, all of them were identified correctly (  100%) with 

an average significance of 99.9 % (Figure 6).  

DEM simulations  

Table 3 shows the parameters determined experimentally.    

Table 3  Input parameters determined experimentally and used in DEM simulations  

Parameter (units)  Value  

Particle density (kg/m3)  2326  

Apparent density (kg/m3)  1203  

Height ratio upon hitting a surface (%)  0.32  

Static/dynamic friction coefficient (-)  0.98; 0.75  

Repose angle (degrees)  29.9  

Simulation results indicate that when processing 2.5 kg/s of ore with a conveyor belt speed of 0.4 m/s 

a double layer of particles is formed triggering an obstruction at the chute – conveyor belt (Figure 7). 

When increasing the conveyor belt speed up to 0.6 m/s the formation of the monolayer of particles is 

observed (Figure 8). The latter conditions provide around 85 % of the conveyor belt surface covered 

by ore particles. The color scale represents the particles velocity where the top velocity is 3.2 m/s (in 

red) and the lowest velocity is 0.4 m/s (in blue).   

  

Figure 7  DEM simulation of the system operating       Figure 8  DEM simulation of the system operating with 

with an ore mass flow rate of 2.5 kg/s and a conveyor  an ore mass flow rate of 2.5 kg/s and a conveyor  

 belt speed of 0.4 m/s.     belt speed of 0.6 m/s.     
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These results confirm the hypothesis that there might be a relationship between the materials 

characteristic, the ore being processed and the operating conditions allowing to achieve the 

maximum throughput keeping the particle monolayer.    

CONCLUSION   

Preliminarily, ME-XRT and LIBS techniques proved to be useful in providing different information 

about particles being analyzed. On one hand, X-ray based methods can penetrate the specimen and 

extract information about the distribution of density depending on effective atomic number of 

materials producing a proxy for copper grade. On the other hand, LIBS technique could deliver 

valuable information to distinguish between copper sulfide and copper oxide ore. In the future, the 

fusion of the information provided by both sensor techniques, using deep learning approaches, is 

expected to allow tuning separation stages according to specific requirements in grade or any other 

ore textural information. The resulting multi modal sensing would then provide more reliable 

information on the Cu content of the material allowing higher accuracy in a sorting stage.    

As originally hypothesized, there must be a relationship between the ore properties, the ore feeder – 

chute – conveyor belt construction materials and the operating conditions making possible to 

increase the throughput of these type of sorting equipment. The speed at which each of the 

analytical techniques can extract valuable information from ore particles will be compared to the 

speed limits of the conveyor belt and conclusions are expected to be drawn with respect to best 

operating conditions of these separation systems and conclusions are expected to be drawn with 

respect to best operating conditions of these ore separation systems.  
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