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Abstract

Mining and metallurgy are processes of global interest. Adequate grade and recovery of the valuable

minerals in the final concentrate, depends on the efficiency of comminution to liberate, and flotation

to separate mineral species of interest from gangue. Given the current challenges of the mining

industry, such as ore depletion, complex ore bodies, and sustainability challenges, finding alternatives

to maximise the recovery of the valuable minerals and improving the use of energy and water

available on site is crucial. This thesis investigates how ore preparation prior flotation is affected by

the classification efficiency achieved in the comminution circuit. Two mine sites were selected for

this study: Cadia Valley Operation (CVO), which process a low-grade gold-copper porphyry ore,

located in Orange, Australia; and Minera Saucito, which process a polymetallic ore (Ag-Pb-Zn),

located in Fresnillo, Mexico.

The data were collected through several surveying campaigns across both sites. The Cadia Valley

Operation was used to investigate the variability in classification efficiency within a hydrocyclone

nest. It was found that the variability in classification efficiency influenced the recovery obtained in

flotation. A comminution model representative of the CVO, combined with the flotation data

collected during the surveys, was used to investigate the potential benefits of reducing the variability

in classification efficiency. The results were presented in terms of final recovery, size specific energy,

and revenue.

Minera Saucito was selected to assess the implications of replacing hydrocyclones with screens when

processing a polymetallic ore (Ag-Pb-Zn). The data were collected over a two-year period. It was

found that the recovery by size, traditionally constant over a broad range of coarseness and P80’s,

changed when the density effect in the classification stage was reduced due to screening. The study

included an assessment of the changes in throughput, size specific energy, flotation recovery, flotation

recovery by size, and mineral liberation due to the change in classifier.

The results of this thesis clearly showed that classification efficiency is key to best prepare an ore

with high-density components, such as galena, for recovery. The results also showed that the recovery

by size relationship remained unchanged when using the same classification device but changed when

the classification principle changed. The drivers behind the observed change in the recovery by size

curve were also identified at laboratory scale.
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Chapter 1. Introduction
1.1 Background
The comminution and recovery processes combine to separate valuable from non-valuable

mineral components. Comminution is the step in which a given ore is reduced in size, to meet a target

size, liberation and recovery criteria. By doing so, valuable mineral components can be liberated from

the hosting gangue matrix. The recovery or separation process between valuable and non-valuable

minerals can be achieved using a physical-chemical process, such as flotation. Flotation exploits the

difference between surface properties of particles to selectively separate valuable from non-valuable

mineral components.

Flotation is a process that involves an interaction between air, water, chemical reagents and

the ore. The final aim of this process is to generate a product with a high concentration of valuable

minerals. Flotation circuits combine different units to maximise the recovery and separation of the

valuable minerals from the unwanted ones. Several optimising strategies can be explored to improve

flotation performance, including but not limited, to, chemical reagent selection, or flotation cell

design. However, flotation will always be influenced by the liberation properties of the ore, which

are created in the previous comminution stage.

The whole processing chain is interconnected, and it is interactive by nature. And yet, due to

the differences between each process principle and goal, there exists a tendency to conceptualise,

study and analyse the comminution and flotation processes as independent problems. This leads to

the creation of two isolated sciences and the promotion of “siloed” problem solving approaches.

The true link between comminution and flotation is the particle size separation step. Since it

is in this step, where the discrimination between ready and not ready particles is taking place. The

separation between ready (fine) and not ready (coarse) particles is achieved by means of classifiers

or screens. The development of particle size separation technologies enabled the mining industry to

move to high capacity operations. The role of the size separation device is to discriminate between

the particles that are ready for downstream processing from those that require further size reduction.

The particles sent back to the mill form the recirculating load, whereas the particles allowed to go to

the next processing stage form the circuit product. The classifiers separate particles based on their

hydrodynamic settling rate, and the screens by the particle size and shape. However, there is no such

thing as a perfect separation device. A proportion of fine and coarse particles will always be misplaced



to the incorrect stream. The degree to which the device deviates from a perfect separation is defined

as its classification efficiency.

An efficient classification step will influence both the comminution and flotation circuits. In

the case of comminution, classifiers allow for increased capacity by creating a circulating load, better

use of the available energy, as well as enabling high capacity operations. In flotation, the feed to the

flotation circuit is usually the classifier fine product and the final recovery achieved will always be a

function of the recovery by size of the flotation circuit, as shown in Figure 1.

Figure 1. The interaction between the particle size distribution and flotation recovery (Bazin et al., 1994; Kanchibotla, 2017;

Runge et al., 2014a; Trahar, 1981)

This thesis will attempt to present an integrated comminution and flotation study to

understand the limits and benefits of improving classification efficiency when using hydrocyclones

or screens, by answering the following questions:

How does particle size separation efficiency alter both comminution efficiency and flotation

recovery?

If the flotation recovery is shown to be altered, what are the main drivers behind the observed

changes in flotation recovery?

1.2 Thesis objectives
The objectives of this thesis are to:

· Understand the impact of classification efficiency on comminution and flotation

performance, in terms of energy use, throughput, separation, and recovery.



· Understand and measure the differences in comminution and flotation performance,

generated when screens replace hydrocyclones in an industrial scale circuit.

· Investigate the fundamental drivers behind the observed changes in flotation recovery.

1.3 Thesis methodology
Several comminution and flotation surveys were completed during the development of this

thesis. Real operational data were considered crucial to clearly define the importance of classification

efficiency. Test work was performed at Cadia Valley Operations (CVO), located in Orange, New

South Wales, Australia, to measure the variability of hydrocyclone performance and to understand

the effect of this variability on flotation recovery. Other surveys were performed at Minera Saucito,

located in Fresnillo, Mexico. This site had the ability to operate with either hydrocyclones or screens

in the comminution circuit. During multiple visits, eight comminution surveys were completed at

Minera Saucito. Additionally, an operational database including throughput and flotation recovery

was collected.

All the data collected at CVO and Minera Saucito were sized and assayed. This enabled mass

balancing, calculation of mineral classification efficiency curves, as well as flotation recoveries by

size. In Minera Saucito, the operational database was analysed, to understand the influence of the size

separation device on comminution and flotation performance over time. Additionally, selected

samples at Minera Saucito were processed to measure the mineral liberation properties.

An additional laboratory flotation program was completed at Minera Saucito to understand

the drivers of the observed differences in flotation.  The program was completed following a factorial

design approach to provide statistical significance to the observations.

1.4 Thesis outline
To report the findings of this research, this thesis has been divided into 7 Chapters. Chapter 2

reviews the fundamentals of size separation and its influence on the state of the art of comminution

circuits; as well as fundamentals on drivers behind flotation phenomena. Case studies regarding the

interface between comminution and flotation circuits are also discussed.

In Chapter 3, the surveys performed at each site and the laboratory scale flotation program

are described. This includes the circuit description, and ore characteristics. This information is used

throughout the thesis to investigate the impact of classification efficiency on recovery.



In Chapter 4, the benefit of improving hydrocyclone classification efficiency is presented.

The data collected in the Cadia Valley Operation is used to interrelate comminution and flotation

performance using JKSimMet and a Bazin method. The potential benefit due to classification

efficiency improvement is presented, using simulations to support the collected data.

Chapter 5 presents the measured results of the impact of size separator type on both

comminution and flotation performance. This chapter uses all the data collected during the Minera

Saucito surveying campaign. This case study establishes a comprehensive comparison between size

separators, represented by hydrocyclones and screens. The comparison is established in terms of

throughput, energy performance, classification efficiency, mineral distribution, recovery by size, and

overall recovery.

Chapter 6 presents the results and analysis generated during the laboratory scale flotation

program completed at Minera Saucito. This chapter aims to explain the drivers behind the observed

changes in flotation performance. The results are presented in terms of overall recovery and recovery

by size. Linear regression analysis was used as a complementary tool to provide statistical

significance and explain the results.

In Chapter 7 the conclusions from the research are summarised and recommendations for

future work are proposed.



Chapter 2. Literature Review
2.1 Introduction
This literature review presents the background information on the impact of classification

efficiency on comminution and flotation recovery; it relates previous research that has been

performed that provides an understanding of how an efficient size selection of particles as an

intermediate step between comminution and flotation, can improve both circuits performance.

To explain the research context, it is first appropriate to describe the fundamentals of particle

size separation and the factors that govern the classification efficiency of a given ore. The response

to different separation principles, the measurements of efficiency and its importance to the state of

the art of comminution circuit design.

Additionally, flotation fundamentals will be described focussing on the drivers behind the

flotation behaviour of particles. The effect of particle size, mineral liberation, reagents, turbulence,

and the influence of density and viscosity on flotation performance will be examined.

Finally, examples in which comminution and flotation interfaced in a single study will be

presented and discussed.

2.2 Classification of particles, its fundamentals and importance
In mineral processing, classification usually refers to the separation of particles according to

their differing settling velocities in a suspending fluid (Plitt and Kawatra, 1979). Every size fraction

has a different probability of bias related to the coarse product (Heiskanen, 1993). The separation is

done by matching accelerating and opposing forces acting upon particles so that the resulting force

has a different direction for fine and coarse particles (Eq.1), and consequently, particles are separated

into a fine and a coarse product (Heiskanen, 1993).

⃗ ≠ ⃗  ( . 1)

In accordance to Heiskanen (1993), classification devices do not separate particles according

to size directly, but indirectly. Momentum is transferred to the particles from the carrying fluids

influencing on the particles. During the classification process, the differences in relative velocities,

generated by the different forces acting upon the particles cause the separation between fine and



coarse particles. Figure 2 presents a schematic of the forces acting on a particle (Heiskanen, 1993;

Wills and Napier-Munn, 2006).

Figure 2. Balance of forces acting on a particle and flow streamlines (Heiskanen, 1993)

To achieve particle separation, the equilibrium between the gravitational and fluid resistance

forces must be achieved. Either viscous (resistance to motion due to shear forces in the fluid acting

around the particles) or turbulent resistance (displacement of fluid by the particle) can dominate the

acting forces within a classifier. In the equilibrium state, the particles reach their terminal velocity

and move at a uniform rate to the coarse or fine streams (Figure 3) (Wills and Napier-Munn, 2006).

Figure 3. Classifier sorting column (Wills and Napier-Munn, 2006).

The pulp is the combination of the particles of a given ore and a carrying fluid. In

classification, the density of the pulp expressed as the percentage of solids by mass, differentiates

between two effects: free and hindered settling. The settling occurs when the fluid volume is large

compared to the total volume of particles.  The hindered settling occurs when the proportion of solids

in the pulp increases.

In accordance with Taggart (1945), free settling predominates when the percentage of solids

is less than 15% by mass. Under this condition, the particles tends to behave as the carrier liquid,



since particle crowding is negligible  (Wills and Napier-Munn, 2006). The Stokes and Newton laws

express the forces acting on the particles subjected to classification. Stokes’ Law (Eq. 2) assumes that

the drag force on a spherical particle is due to viscous resistance (Wills and Napier-Munn, 2006). It

is valid for particles of diameter below 50 µm and is expressed as:

=
−

18

⁄

 ( . 2)

    Where υ is the terminal velocity, η is the fluid viscosity, g is the acceleration due to gravity,

Ds is the density of the particle, Df is the density of the fluid, and d is the particle diameter.

Newton’s Law (Eq. 3) is used to represent the forces acting on particles larger than 0.5 cm,

and assumes that the drag force acting on a particle is due to turbulent resistance (Wills and Napier-

Munn, 2006). It is expressed as follows:

=
3 −

⁄

 ( . 3)

Where υ is the terminal velocity, g is the acceleration due to gravity, D s is the density of the

particle, Df is the density of the fluid, and d represents particle diameter.

For a given fluid, both laws can be simplified, to express the terminal velocity as a function

of particle size and density only. Stokes’ law can be simplified to Eq. 4 (Wills and Napier-Munn,

2006):

= − ( . 4)

In addition, Newton’s law is simplified to Eq. 5 (Wills and Napier-Munn, 2006):

= −
⁄ ( . 5)

Where K1 and K2 are constants and (Ds – Df) is the effective density of any given particle of

density Ds and a fluid of density Df. In accordance to these laws, if two particles have the same

density, then the particle with the larger diameter will have a higher terminal velocity. If two particles

have the same diameter, then the heavier particle has the higher terminal velocity (Wills and Napier-

Munn, 2006).



Equations 6 and 7 describe Stokes and Newton’s law respectively, which can be used to

characterise the particles settling velocities by describing the ratio of particle size required for two

given minerals to fall at equal rates (Wills and Napier-Munn, 2006).

= −

⁄

  ( . 6)

=
−
−   ( . 7)

The free settling ratio is larger for coarse particles obeying Newton’s law than for the fine

particles obeying Stokes’ law (Wills and Napier-Munn, 2006). Therefore, this means that under free

settling conditions, the density difference between the particles has a more pronounced effect on

classification at coarse size ranges. A general expression is presented in equation 8 (Wills and Napier-

Munn, 2006).

= −   ( . 8)

Where n = 0.5 for small particles obeying Stokes’ law and n=1 for large particles obeying

Newton’s law. The value of n lies in the range of 0.5 to 1 for particles in the intermediate size range

of 50 to 500 µm.

On the other hand, when the proportion of solids in the pulp increases, the effect of particle

crowding starts to affect the downward velocity of the particles. The pulp then behaves like a heavy

liquid whose density is that of the pulp rather than that of the carrier liquid (Wills and Napier-Munn,

2006). Because of this, the force upward due to the velocity is mainly due to the turbulence created.

To estimate the falling rate or terminal velocity, a modified form of Newton’s law (Eq. 9) is used

(Wills and Napier-Munn, 2006):

= −
⁄ ( . 9)

Where Dp is the pulp density.

The lower the density of the particles, the more marked is the effect of a reduction of the

effective density, Ds – Dp, and the greater is the reduction in downward velocity. This is important

because hindered-settling reduces the effect of size while increasing the effect of density on

classification. Thus, the hindered-settling ratio is expressed as Eq. 10:



=
−
−

( . 10)

The hindered-settling ratio is always greater than the free-settling ratio, and the denser the

pulp, the greater is the ratio for the diameter of equal settling particles(Wills and Napier-Munn, 2006).

In example, considering a mixture of galena (7.5) and quartz (2.65) settling in a pulp of density of

1.5, the hindered settling ration can be estimated as 5.22, which means that a particle of galena will

fall in the pulp at the same rate as a particle of quartz 5.22 times as large (Wills and Napier-Munn,

2006).

In summary, hindered-settling classifiers increase the effect of density on the separation,

whereas free-settling classifiers use relatively dilute suspensions to increase the effect of size on the

separation. An example of free and hindered settling is given in Figure 4.

Figure 4. Classification by (a) free settling, (b) hindered settling. (Wills and Napier-Munn, 2006)

2.3 Classifier categories
Several authors have developed categories to describe classifier types. The categories divide

the classifiers in accordance to several characteristics, such as the forces driving the separation, i.e.

gravitational or centrifugal forces (Heiskanen, 1993); the carrying fluid used to transport and separate

the particles (Lynch and Rowland, 2005); or even the direction of the flow of the carrying current

(Wills and Napier-Munn, 2006).

According to Heiskanen (1993), the gravitational classifiers included mechanical

sedimentation classifiers (Akins spiral classifier, rake classifiers), free fall classifiers, used in the sand

industry, and hydraulic classifiers, defined as a counter flow classifier, with clean water added to the

lower part of the classifier and hindered settling as the main settling mechanism. Heiskanen (1993)

considered that the hydrocyclones represented a full category on its own, defined as centrifugal



classifiers. In this category, Heiskanen (1993) divided the hydrocyclones into: conventional cyclones,

liquid – liquid cyclones, dense media cyclones, dewatering cyclones and air-sparged cyclones.

Lynch and Rowland (2005) grouped the classifiers in two main categories, air and hydraulic

classifiers. Air classifiers are those that use air rather than water as the carrying fluid, to avoid

problems with chemical reactions of particles with water. The hydraulic classifiers included all the

classifiers that use a liquid medium to transport and achieve particle separation (Lynch and Rowland,

2005). In the hydraulic classifiers category, hydrocyclones were considered as the main classifier

used currently in the mineral processing industry.

Wills et al (2006) grouped classifiers into two broad types depending on the direction of the

flow of the carrying current. Horizontal current classifiers and vertical current or hydraulic classifiers.

Horizontal current classifiers include devices such as settling cones, mechanical classifiers, the rake

classifier, and spirals classifiers (Wills and Napier-Munn, 2006). Fundamentally, the horizontal

current classifiers are those in which the free settling of the particles accentuates the sizing effects on

separation. The vertical or hydraulic are hindered-settling types and increase the effect of density on

the particle separation process. The hydrocyclone sits in this category, and it is defined as one of the

most important devices in the minerals industry.

Independently of how the classifiers are categorised, one thing is clear, hydrocyclones are one

of the main classification technologies currently used in the minerals industry. This is because

hydrocyclones are cost effective and a simple technology to operate. Advantages in terms of superior

capacity compared to equipment size, small floor-space requirements, and the possibility of designing

equipment to reach a wide range of cut sizes have overcome some of the limitations of its

performance. However, the dominance of hydrocyclones occurred after several developments in

classification technology, which ultimately shaped the mineral processing industry. By 1900,

grinding in wet ball mills was becoming accepted as a viable option for producing fine particles

(Lynch and Rowland, 2005). The limitations of these mills were the difficulty in balancing the

production of fine particles of a desired size, with throughput (Davis, 1925). The development of new

classification machines allowed higher feed rates, while achieving the desired size for a given

product. Some of the most relevant classification technologies used for this application are described

as follows:

The spiral classifiers (Akins) consist of a sloping elongated round-bottom tank and a sand-

raking spiral. The spiral classifier (Figure 5) takes advantage of gravity as a separation force. At the



lower end, the tank forms a pool with an overflow weir over which fine particles flow from the

classifier (Lynch and Rowland, 2005). The pool area required to obtain a given separation size

depends on the density and shape of the particles, and the density and viscosity of the pulp

(Heiskanen, 1993). Dilution of the pulp is the most important variable to control the operation of the

spiral classifier since the water addition determines the settling rate of the particles (Wills and Napier-

Munn, 2006). Spirals classifiers requires additional dilution to process a ball mill product (around or

higher than 65% of solids), since this classifier never operates at more than 50% of solids. The main

disadvantage of this classifier is its inability to produce overflows of very fine particles since it

requires significant dilution of the system to achieve a fine cut size; therefore, it is not feasible to

separate very fine particles at reasonable pulp densities.

Figure 5. Spiral or Akins Classifier.  (Lynch and Rowland, 2005)

John Dorr invented the Rake classifiers around 1940. The Rake classifier can separate a pulp

into fine and coarse streams. The fine stream can contain up to 50% to 60% solids, and particles up

to 200 to 300 µm (Lynch and Rowland, 2005). This classifier allowed the improvement of grinding

precision and enabled a continuous high-capacity process (Lynch and Rowland 2005). The rakes

exhibit an eccentric motion, which causes them to dip into the settled material and move it up the

incline for a short distance (Figure 6). The rakes are then withdrawn, and return to the starting-point,

where the cycle is repeated. The settled material is thus slowly moved up the incline to the discharge

(Wills and Napier-Munn, 2006). Rake classifiers are capable of achieving better separation than spiral

classifiers, since the overflow product normally exhibits fewer misplaced particles (Heiskanen,

1993). Both rake and spiral classifiers dominated the industry until the late 60’s. The choice between

rake and spiral classifiers was concerning capital and maintenance costs rather than classification

efficiency (Lynch and Rowland, 2005).



Figure 6. Dorr rake classifier: A = rakes, B = rake mechanism, C = fines discharge, D = feed box, E = coarse discharge

(Richards & Locke, (1940) (Lynch and Rowland, 2005)

In 1951, E. Bretney patented the first cyclone (Lynch and Rowland, 2005). Bretney’s original

design was the precursor to the cyclones used to separate sand from water in pressurized water

systems (Lynch and Rowland, 2005). However, it was not until the late 50’s when reliable centrifugal

slurry pumps were designed and allowed to expand the use of cyclones in mineral processing (Lynch

and Rowland, 2005). The hydrocyclones allowed the design of high capacity comminution circuits.

The hydrocyclone consists of a conically shaped vessel, open at its apex, or underflow, joined

to a cylindrical section, with a tangential feed inlet. The top of the cylindrical section is closed with

a plate through which passes an axially mounted overflow pipe (Lynch and Rowland, 2005). The pipe

extends into the body of the cyclone by a short, removable section known as the vortex finder. The

feed is introduced under pressure through the tangential entry, generating a vortex in the cyclone,

with a low pressure zone created along the vertical axis (Lynch and Rowland, 2005). The particle

separation takes place because the particles in the feed flow are subjected to an outward centrifugal

force and an inwardly acting drag force. The centrifugal force developed accelerates the settling rate

of the particles thereby separating particles according to size, shape and specific gravity. Particles of

equal size but of different mineralogy will behave differently, with a greater proportion of denser

mineral exiting the coarse product than of the lighter mineral (Manlapig et al., 1985; Napier-Munn et

al., 1996). Fine and coarse particles are classified within the device due to the formation of two spirals

flows; the inner flow carries the fine particles upward and the outer flow carries the coarse particles

downward. A basic representation of the cyclone is shown in Figure 7.



Figure 7. Schematic of a hydrocyclone (Napier-Munn et al., 1996)

Hydrocyclones are widely used mainly due to their superior capacity to reach cut sizes across

a wide range of sizes (35 µm – 500 µm), low footprint, versatility, and low capital cost (Heiskanen,

1993). However, hydrocyclones also have limits in performance. Certain cut-sizes can only be

achieved within particular cyclone sizes, reducing flexibility. Additionally, since its operation

depends on the flow rate and solids concentration, in some closed-circuit milling configurations

where the cyclones are fed with high pulp densities, it can underperform significantly (Heiskanen,

1993).

Hydrocyclone performance is measured in terms of classification efficiency. Classification or

separation efficiency is a measure of how well fines particles in the feed stream are recovered to the

fines product; or inversely, how well coarse particles in the feed stream are recovered to the coarse

product. In mineral processing, classification efficiency is represented using a curve that shows the

probability of any size fraction reporting to the classifier underflow (Heiskanen, 1993; Napier-Munn

et al., 1996). In fact, the performance of any solid-liquid classifier, with respect to size separation or

solids recovery can be represented by an efficiency curve (Napier-Munn et al., 1996). The efficiency

curves are a specific type of logistic curve that includes partition, performance, selectivity, and Tromp

curves. Eq. 11 presents Whiten’s expression for the corrected efficiency curve to underflow (Napier-

Munn et al., 1996):

= 1 −
− 1

+ − 2
  ( . 11)



In which α is the separation sharpness parameter, C is the fraction of feed water reporting to

the overflow, d is the passing screen size (mm), and d50c is the corrected cut size (mm), or size at

which a particle has the same probability to report to the coarse or fine stream (Figure 8).

Figure 8. Typical performance curves for a hydrocyclone (Gupta, 2006)

To date, the theoretical methods for the prediction of hydrocyclone performance are based on

considering the physical principles of motion of solids particles in a fluid medium (Nageswararao et

al., 2004). However, robust empirical models are still the main tool for process simulation and

optimisation. The empirical hydrocyclones models are an “idealised representation of a physical

reality”, in the form of a set of self-consistent equations (Nageswararao et al., 2004). The

development of the available empirical models was a consequence of extensive experimental work;

performed under conditions as close to reality as possible. Using the empirical modelling approach

to evaluate several cyclone diameters in closed circuit with a sump, Lynch (1973, 1974) found that

the critical design variables were the inlet and outlet diameters, therefore, for geometrically similar

hydrocyclones, the diameter was not relevant to determine the capacity of the hydrocyclone under

the conditions of their experiment. Lynch and Rao (1975) observed that the reduced efficiency curve

of a mineral is independent of the hydrocyclone diameter, and operating conditions, including the

size distribution of the feed material. However, the particle size distribution of the feed material was

identified as a significant variable affecting the pressure-throughput relationship, the classification

size (d50c), and the fraction of feed water reporting to the underflow, Rf. Rao (1976) validated this



observation using different inlet dimensions in his study. One significant outcome was that the alpha

parameter was fitted, and it was influenced by particle properties such as the specific density, size

and shape.

Plitt (1976) aimed to develop a universal model capable to predict cyclone throughput, cut-

size, volumetric flow split, and sharpness of classification. To develop the model, Plitt combined

datasets of silica copper, ore, tailings and silica flour, and assumed that cyclone performance is

independent of the properties of the material classified. This assumption,  is not necessarily

fundamentally true (Nageswararao et al., 2004).

Nageswararao (1978) on the other hand, described cyclone performance in terms of the Euler

number defined as Q/ D2c, the dimensionless cut size, recovery of water to underflow and volumetric

recovery of feed slurry to underflow. However, the main contribution from Nageswararao was the

introduction of a factor to capture the hindered settling effect (Nageswararao et al., 2004). By doing

so, the model was capable of accounting for the effect of differential movement of solid particles and

hence the effect of solids concentration on cut size.  This cyclone model was capable of distinguishing

the effect of the size distribution, and density of the feed material on the cyclone performance

(Nageswararao et al., 2004).

Once modelling proved sufficient to predict real industrial data, the next significant

development came with the invention of the three-product cyclone (Morrell, 1996). Fundamentally,

the three-product cyclone produces a coarse and fine stream, but the fine stream is divided into two

streams instead of one and hence a better particle separation can be achieved for specific purposes

(Mainza et al., 2004; Obeng and Morrell, 2003). This technology was created to concentrate the

coarse dense minerals (within the floatable size range) selectively in a second (or inner) overflow.

Obeng and Morrell (2003) developed and validated the first model for the three-product

cyclone, and were the first to attempt to demonstrate its benefits using a nickel ore. They

demonstrated its potential to produce flotation feed to both a flash flotation and conventional flotation

circuit (Obeng and Morrell, 2003). The resulting particle size distributions were compared to those

obtained from site. The conclusion was that the fine stream, which would feed the flotation circuit,

had similar properties to those of the conventional hydrocyclone. The middlings stream served as a

more suitable feed for flash flotation, rather than the conventional underflow sample (Obeng and

Morrell, 2003). The results were encouraging; however, no validation of flotation performance was

completed in the study. Mainza (2004) continued the research on the three-product hydrocyclone,



focussing on developing a new hydrocyclone rig, improving the original model proposed by Obeng,

and interfaced the hydrocyclone performance with flotation (Mainza et al., 2004). This case study

will be discussed in detail as part of the integrated case studies (section 2.8).

Research into hydrocyclones has predominantly been focussed on the operation of the unit

itself. There is still much to be learnt about optimising this unit operation in the context of the

comminution and flotation circuit, with the view of unlocking opportunities for the mineral

processing industry.

 2.3.1 Screening
Screening is a process used for size separation from 300 mm down to 40 µm, although in the

past, the efficiency decreased rapidly with the fineness of cut, and the footprint implications were an

issue. Because of this, sizing below 250 µm is typically undertaken by hydrocyclones (Valine and

Wennen, 2002; Wills and Napier-Munn, 2006). The implementation of screening for fine sizes has

always been a challenging task, since finer separation demands large areas of screening surface and

therefore the capital cost is likely to be higher in comparison with hydrocyclones for high-throughput

applications. However, recent developments in fine screening have allowed this technology to

challenge hydrocyclones (Valine and Wennen, 2002; Valine et al., 2009; Wills and Napier-Munn,

2006).

Screening is the process of presenting a given set of particles to a surface having many

apertures or holes. The particles either pass through or are retained on the surface, depending on

whether the particles are smaller or larger than the holes in the screen surface (Wills and Napier-

Munn, 2006). Screens are traditionally used to:

· separate particles by size to provide a downstream unit process with a required particle

size range (size or classify)

· remove the coarsest size fractions of a given material (scalp)

· prepare several products within specified size ranges (grade)

· washing magnetic media from ore in dense medium circuits (recover media)

· drain free moisture from a wet sand slurry (dewater)

· remove fine material, below 0.5 mm (deslime)

· remove any trash from a fine slurry stream (trash removal)



The development of non-blinding, high-throughput fine screening technology has enabled the

use of screening technology to process streams in size ranges similar to those processed by

hydrocyclones (Valine and Wennen, 2002; Valine et al., 2009).   Valine and Wennen (2002) discussed

the advantages of several screening machines, which might be capable of conducting fine screening

in the range between 10 mm to 38 µm. In this sense, the high-frequency screens, commercially called

Derrick® Stack Sizer, represent today’s most successful application of fine screening technology

(Valine, Wheeler et al. 2009).

This type of high-frequency screen (Figure 9) was introduced in 2001. The device has up to

five vibrating screen decks operating in parallel for a total effective width of 5.1 m. The decks holding

the screening panels are positioned one above the other, and each deck has a feed box. A divider splits

the pulp into five individual streams. The pulp is then fed to each individual vibrating panel. The pulp

fraction which passes through the openings carries the undersize particles. Oversized particles travel

on the top of each panel to be transferred to the oversize collection launder.

Figure 9. High-frequency screen schematic, after Valine et al, 2009

Successful case studies of screens replacing hydrocyclones can be found in the literature

(Barkhuysen, 2009; Dündar et al., 2014; Estrada Sanchez and Gomez Hernandez, 2015; Valine et al.,

2009). Most of the reports of screens replacing hydrocyclones focus on the throughput increases

achieved, and the reduction of the circulating load in the ball mill node. The effect on downstream

performance has often been overlooked, or if referenced, it is reported as a recovery value, with no



additional information. The case studies of this type relevant to this thesis are discussed in the

integrated case studies section. One of the objectives of this thesis will be to better understand the

effects of using screens as a classifier. This will be investigated in the Chapter 5.

2.4 Contribution of classification technology to comminution circuit design.
The previous section presented the fundamentals of size separation using classifiers and

screens. The analysis focussed on the individual performance of the classifier. As mentioned, the

classifiers separate a pulp stream into coarse and fines streams. Classifiers are used in conjunction

with comminution to prepare the ores as best as possible for downstream processing.

The primary reason for the existence of the comminution circuit is not to grind a given ore to

a standard size, but to liberate all the minerals to an extent to which separation of valuable and non-

valuable minerals becomes possible (Ballantyne and Powell, 2014; Napier-Munn et al., 1996; Wills

and Napier-Munn, 2006). To achieve this, crushers and mills are used to liberate valuable mineral

phases from surrounding host rock.  A liberated particle is defined as a particle that contains only one

mineral. Particles, which contain two or more minerals, are described as unliberated, locked or

composite particles. The comminution process is of prime importance, not only because it provides

the means to liberate the minerals, but also due to its high energy consumption. The amount of energy

spent in the comminution circuit represents 30-50% of the total energy consumption within a given

mining operation (Ballantyne, Powell et al. 2012). In this sense, the ability to liberate valuable

minerals selectively from surrounding gangue at a lower energy consumption would be a significant

advance in the mineral processing industry.

The first comminution circuits were operated in open circuit configurations. Open circuits

(Figure 10) are those in which the comminution device breaks the material and passes it directly to

the next process (Napier-Munn et al., 1996). Davis (1925) stated that under the appropriate operating

conditions, the greater the amount of material fed to a ball mill, the greater the amount of work the

mill will do. To prove this, Davis completed an experimental program using an open ball mill circuit.

A maximum feed rate of 2.27 t/h of limestone was processed in a 0.9 m diameter ball mill, with a

power draw of 4 kW. The fact that the study was completed using limestone simplified the analysis

to a certain extent, since no additional components were to be considered in the analysis. But even

so, Davis generated two valuable conclusions that shaped the current comminution circuit design for

mineral processing. The first being that the work done in a ball mill continued to increase with the

feed rate; and that as the feed rate to the mill increased, the size of the average particle discharged



from the mill increased. This was the foundation to the development of the “closed circuit” method

of size reduction.

Figure 10. Open circuit configuration, redrawn after Davis, 1925

The “closed circuit” method for grinding proposed the use of a classifier to close, or lock, the

comminution device i.e. the ball mill. A schematic of the Davis concept is presented in Figure 11.

With his method, Davis introduced the concept of the circulating load; which is defined as the ratio

of the flowrates of the circulating streams to the flowrate of the new feed to the mill, which at steady

state is equal to the fine product leaving the circuit (Eq.12) (Gupta and Yan, 2006).

( , %) =  100   ( . 12)

Where T is the coarse stream solid flowrate and Q is the fines stream solid flowrate.

Figure 11. Closed circuit configuration, redrawn after Davis, 1925

An analogous two-product formula can be used to estimate the circulating load (C) based on

measured particle size distributions of the classifier feed, coarse and fine products (Eq. 13).

=
−
− 100% ( . 13)



Where c, b, d, are the amount of final product (fines) in classifier feed, coarse and fine product

respectively (Taggart, 1927). The combination of the circulating load with the fresh feed to the circuit

created a high feed rate for the ball mill, increasing energy efficiency by using the already installed

power to grind more ore. Furthermore, Davis used two types of mills, being an overflow and a grate

- discharge. The experimental program included several tests varying the circuit configuration (open

or closed) and the sizing device (Dorr rake classifier or screen). This study might also be the very

first comparison between screens and classifiers. Davis (1925) observed that the open circuit

configuration delivered 10% of particles larger than the 208 µm target size. This was a significantly

higher value in comparison with the results obtained in the closed-circuit configuration (5.3% and

4% for screens and Dorr classifier, respectively). Figure 12 presents a comparison of the obtained

particle size distributions. Davis (1925) noted that the fine particle production also varied across the

evaluated conditions, obtaining an increased production of particles below 90 µm with the Dorr

classifier (75.0%) than in the open circuit configuration and the screening operation (72.0% and

69.5% for the open circuit and screening, respectively). The differences in fine particle production

between the classifier and the screens were attributed to the fact that the undersized material in the

grinding circuit was removed more completely with the screen than with the classifier (Davis, 1925),

however, differences in cut size between devices cannot be ruled out.

Figure 12. Hard lime rock particle size distribution obtained when grinding in open circuit configuration, and when closing

the circuit with Dorr classifier or screens, drawn after Davis (1925).

From the study, Davis (1925) concluded that closing the comminution circuit provided

advantages such as increased circuit capacity, lower energy use and better control of the target size.

Nevertheless, the main contribution was the demonstration of the relationship between new feed rate

and circulating load in a closed grinding circuit, as shown in Figure 13. Davis stated that the grinding



capacity could be doubled by using screens to produce a 200% circulating load. Several researchers

(Bond, 1961; Guest, 1972; Hukki and Allenius, 1968) subsequently supported this observation.

Davis (1925) undoubtedly changed the state of the art of comminution circuit design in his

time. However, as Davis pointed out in his 1925 paper, there is a range of circulating load which

promotes a significant increase in grinding capacity (100 % to 200 %). The mill capacity gained

beyond those levels does not necessarily compensate for the effort required to maintain those levels

of operation.

Figure 13. Effect of circulating load in grinding capacity, after Davis, (1925).

Davis (1925) also proposed the use of screens to close the comminution circuit. However, the

implementation and adoption of screens in comminution circuits by the mining industry was limited

by three main factors:

· Footprint: high throughput operations demanded screens with large open areas

· maintenance issues: the lifespan of screening technology for fine sizes was a big issue,

creating maintenance concerns

· The development of improved pumping technology facilitated the rise and dominance

of hydrocyclones, which where robust, easy to operate and maintain, and capable of

reaching the desired fine cut sizes.

Since the concept of circulating load was novel for the time, the influence of classification

efficiency on grinding capacity was not considered by Davis. Later, Hukki and his team investigated

the effect of classification efficiency on circuit capacity (Hukki and Allenius, 1968; Hukki and

Heinonen, 1973). These studies were completed using a lab scale ball mill and screens to emulate the



closed-circuit configuration. To achieve this objective at a small scale, the experiment was reduced

into alternating grinding and sizing steps in such a way that the new feed plus the recirculating load

formed a batch of 1000 gram. To provide a numeric significance to the efficiency (E), Hukki used an

equation proposed by Taggart (1927). This two-product formula represent the sharpness of

classification at a given marker size (Eq. 14) (Taggart, 1927).

=
( − )
( − )

100 ( . 14)

Where c, b, d, are the amount of final product (fines) in classifier feed, coarse and fine product

respectively.

The feed to the grinding process consisted of 100% -10 mesh quartz material, which included

15% of finer than the target size of 208 µm.  The industrial convention practice of ball milling was a

circulating load of 175% and a classification efficiency of 50% (Hukki and Allenius, 1968). Based

on this industrial standard, Hukki (1968) evaluated three levels of sharpness of classification: 50%,

75, and 95%. The results demonstrated that classification efficiency has a significant effect on milling

capacity (Figure 14). The figure suggests that a comminution circuit closed with an efficient classifier

can double its capacity at a circulating load of 200%. To double the capacity of a comminution circuit

closed with a poorly operated classifier, circulating loads over 300% are required. Interestingly, the

current industrial convention suggest that many comminution circuits operate at circulating loads

higher than 250% and sharpness of classification lower than 50% (Jankovic and Valery, 2013).

Figure 14. Effect of circulating load and classification efficiency on milling circuit capacity, after Hukki, (1979).



Hukki indicated that the total energy consumption is likely to decrease when operating under

a more efficient classification efficiency regime; and that changes in the shape of the particle size

distribution are also likely to occur. Hukki set the foundation of the interaction between classifier

performance and the ball mill. However, the study was limited to quartz material and no valuable

minerals were involved in the analysis.

In a way, the implementation and adoption of hydrocyclones in the mineral processing

industry, came at cost of the overall efficiency of the process. Both Davis (1925) and Hukki (1968)

suggested desired ranges of circulating loads with screens, but those ranges were being achieved

using different classification technologies, such as the hydrocyclones. The efficiency of the process

was sacrificed, since higher circulating loads were necessary to reach the desired capacity of a given

comminution circuit, and these higher circulating loads reduced efficiency even more.

Morrell (2008) developed a method for predicting the specific energy requirement of

comminution circuits and assessing their energy utilisation efficiency. The method, which is

discussed in the following section, was developed by analysing 65 comminution circuits, with several

configurations. In this method, the energy assessment relates to the tumbling mill’s contribution to

size reduction of the product of the final stage of crushing to the final grind. The study aimed to

evaluate if any given comminution circuit configuration provided an overall higher energy efficiency.

However, the results indicated that there was no evidence statistically significant that any given

circuit design was consistently superior from an energy efficiency point of view. Morrell also

revisited the circulating load - classification efficiency interaction by using the laboratory bond work

index method. To allow for a comparison across the datasets, Morell processed the same ore using

circulating loads of 150%, 250% and 400%. By doing so, any resulting differences in the work indices

would be due to changes in circulating load only.

The results were evaluated in terms of work index and particle size distribution of the final

product. The main correlations found were that as the circulating load increased, the work index

reduced indicating an apparent increase in efficiency. However, the gradient of the particle size

distribution of the final product also became steeper with increasing circulating loads. For Morrell,

this was an indication that the energy was being used to break more of the coarser particles and less

of the finer ones, thereby changing the particle size distribution. Therefore, increasing circulating

load while maintaining classifier efficiency at a given target of P80 should produce an increase in

throughput and reduce overgrinding of the finer fractions. Another important observation was that



the circulating load increased due to poor classification performance, rather than increased

throughput.

To evaluate the poor performance scenario, four additional Bond laboratory work index tests

were conducted. In each test, an increasing proportion of mill discharge was recycled to the mill

without being classified on the closing screen. This produced a range of classifier efficiencies through

varying the amount of by-pass. The results indicated that the Bond work index increased as the by-

pass increased. As Figure 15 presents, as the efficiency of the classifier improves (by-pass reduces)

the gradient of the final product size distribution becomes steeper. As a conclusion from his lab scale

work, Morrell highlighted that the way circuits are operated with respect to classifier performance

and circulating load in closed ball mill circuits could account for differences in apparent energy

utilisation efficiency to a maximum of 15%, from worst to best case conditions. He also suggested

that as a result, changes in the gradient of the final product size distributions might be possible.

Figure 15. Changes in particle size distribution gradient as a function of: a) increased throughput at fixed classification

efficiency, b) effect of different classification by passes (Morrell, 2008).

Morrell provided a powerful hint of the main outcome of the circulating load - classification

efficiency interaction, which is that this results in a change in the final product particle size

distribution. However, since the data was analysed from a comminution perspective, the impact of

the already mentioned changes on the valuable components, if any, was not considered. Additionally,

another powerful observation from Morrell (2008) was that, under the limits of his database, he found

no significant change in energy efficiency for different circuit types. This observation is robust since

it was evaluated statistically, however, the circuits are likely to always be closed with hydrocyclones.

The understanding regarding the benefits of a circulating load was achieved using screens, at

lab and pilot plant scale. However, due to the slow development of efficient and lasting fine screening



technology, the hydrocyclones became the natural selection to close a ball mill circuit. Nowadays,

fine screening technology has been developed to an extent in which it can compete with the

hydrocyclones in terms of capacity.

2.5 Methods to benchmark the energy consumption across the comminution

circuit
As mentioned previously, comminution is the most energy-intensive process in mining.

Ideally, the comminution process aims to maximise the use of the available grinding power used to

produce liberation and size reduction. For that reason, a number of studies have been conducted to

quantify how much energy is attributable to comminution (Daniel, 2011; Tromans, 2008) but the

proportion of energy that was reported was over a broad range of values. Ballantyne et al. (2012)

estimated the consumption of energy associated with comminution using three different bases for

reported energy consumption, supplied electrical energy and utilised power. The study concluded that

comminution consumes 36% of the utilised power of gold and copper producing mines in Australia

(Figure 16).

Figure 16. Summary of reports calculating the percentage of mine energy attributable to comminution (DOE, 1981, 2002,

2007; Dorai, 2006; La Nauze & Temos, 2002; Marsden, 2008; Northparkes, 2006; Ballantyne, 2012) (Ballantyne et al., 2012)

Therefore, any effort aiming to increase energy consumption efficiency is of paramount

importance. In this sense, the development of appropriate benchmarking methods to map or measure

energy improvements has been a topic of interest for some time. Some researchers established aimed

to represent the use of energy in comminution using energy–size reduction relationships (Jankovic et

al., 2010; Tarasiewicz and Radziszewski, 1990a, b, c).



Due to the nature of the comminution process and the implications of the operation of

industrial the comminution equipment, a theoretical explanation of the energy in the process from

first principles is difficult. Therefore, the energy – size reduction relationships are widely used to

interpret how the energy is being used or spent to achieve the desired ore size reduction in the

comminution machine (Kapur and Fuerstenau, 1987). The methods of Rittinger (1867), Kick (1885)

and Bond (1952), known as the three theories of comminution or the three laws of comminution have

been widely used by several researchers (Rittinger 1867, Kick 1885, Bond 1952).

It is attributed to Rittinger (1867) that the energy required for size reduction is proportional

to the new surface area generated in a crushing process, as described by  Eq. 16:

=
1
−

1
( . 16)

Where E represents the net specific energy; xf and xp are the feed and product size,

respectively, and K1 is a constant.

Kick (1885) defined the energy as “the specific energy necessary to go from size xf to size xp,

as described by Eq. 17:

=      ( . 17)

Where E represents the net specific energy; xf and xp are the feed and product size,

respectively, and K2 is a constant.

Later, Bond (1952) published “the third law of grinding”. In this “law”, Bond stated that the

net energy required in comminution is proportional to the total length of the new cracks formed. The

third law is represented in Eq. 18:

=
1

−
1

     ( . 18)

Where E represents the net specific energy; xf and xp are the feed and product size,

respectively, and K3 is a constant.

Walker et al. (1937) published an equation to be used as a general  representation of the energy

used in the comminution process. Eq. 19 defines net energy as the required energy for a differential



decrease in size which is proportional to the size change (dx) and inversely proportional to the size

to some power n.

=  − ( . 19)

Where E is the net specific energy; x is the size of the product, n is the exponent; and C is a

constant related to the material.

Hukki (1962) evaluated and discussed the above-mentioned energy – size relationships and

concluded that Rittinger, Kick, and Bond theories are not necessarily exclusive of each other, but are

applicable for different size ranges (Figure 17). Kick’s equation is suitable for crushing, Rittinger’s

for fine grinding and Bond’s equation is more representative of the conventional milling size range.

Hukki (1962) proposed a revised version of the general form (Eq. 20):

=  − ( ) ( . 20)

Figure 17. Relationship between energy input and particle size in comminution, after Hukki, (1961) (Valery et al., 2016)

Austin (1973) discussed the physical significance of the three grinding laws, concluding that

it is common to find that both Rittinger’s law and Bond’s law can be true for the same datasets and

that their applicability was limited to representing a rough approximation of a closed milling circuit

(Austin 1973).



McIvor (2009, 2014) developed a methodology called ball mil circuit classification system

efficiency. This methodology is an assessment of how the energy is being spent in a given ball milling

circuit. The classification system efficiency metric (CSE %) captures how well the classification

system is performing its function with two quick size distribution analysis (ball mill feed and

discharge streams) (Bartholomew et al., 2018) (McIvor, 2009, 2014). This methodology is a hybrid

method between an energy assessment and a classification assessment, since it relies on the

proportion of particles coarser than a marker size produced by the classifier, but it also delivers a

metric to determine the energy efficiency.

Ballantyne et al. (2015) used the theory behind Rittinger’s law to propose the use of the energy

required to produce new -75 µm material in a comminution circuit as a simplified measure to

benchmark the performance of comminution equipment across circuits or sites. The methodology

was defined as the size specific energy or SSE (Powell, Morrison et al. 2003-2010, Ballantyne and

Powell 2014, Ballantyne, Mainza et al. 2015, Ballantyne, Peukert et al. 2015).

Ballantyne et al. (2015) demonstrated the SSE approach in the comminution energy curves

methodology. In this method, a clear definition of the boundary limits of the comminution circuit is

crucial, since it relies on the determination of the proportion of new material of a given target size

created during the comminution process. Figure 18 presents an example of the calculation and the

definition of the boundaries of a simple comminution circuit.

Figure 18. Calculation of SSE (Ballantyne et al. 2015).



According to Figure 18, hydrocyclone O/F was considered as the total mass flow rate, the

amount of – 75 µm generated in the circuit expressed in percentage was calculated by subtracting the

– 75 µm throughput in the mill product from the – 75 µm throughput in the mill feed, and dividing

this result by circuit throughput. Then, the specific energy was calculated by dividing the mill power

by the circuit throughput, and finally, the SSE calculation was completed by dividing the specific

energy by the percentage of – 75 µm generated material (Ballantyne et al, 2015).

The evaluation of the energy performance in a given comminution circuit is crucial to identify

areas of opportunity, as well as to guide the operation to a more sustainable approach. That is why

the development of methods to analyse or quantify the effective use of the energy in a comminution

circuit was necessary. From the reviewed methods, the SSE and the CSE are easy to apply to industrial

processes, therefore both methods will be used to analyse the data generated in this research.

2.6 Flotation
Froth flotation is the most commonly used industrial process for the separation and

concentration of mineral ores (Wills and Napier-Munn, 2006). In this process, air bubbles and

chemical reagents interact with the already ground pulp and, with the aid of mechanical agitation,

promote a selective separation between the valuable and non-valuable minerals. In the separation

process, the mineral particles, whose surface was modified by the chemical reagent, collides with the

air bubbles to form bubble-particle aggregates. The bubbles then transport the particles to the top of

the pulp, creating a froth phase, which allows concentration of the valuable minerals.

The recovery of selected mineral species, such as sulphides of copper, lead, zinc, and iron

from ore is termed selective or differential sulphide flotation. An effective separation and recovery

of valuable minerals is influenced by both the ore properties and the flotation cell design.  Two

important ore properties are: particle size and liberation. In an industrial circuit, the flotation process

follows the comminution stage; therefore, the comminution product becomes the flotation feed. The

flotation feed is composed of mineral particles distributed across a range of sizes, and consequently,

each size class will exhibit an efficiency or recovery value. This recovery value is influenced by the

mineral liberation and the hydrophobicity of the mineral surface. A liberated particle is one that

contains only one mineral. By extension, particles that contain two or more minerals are described as

unliberated, locked or composite particles (Becker et al., 2016). The interaction between particle size,

liberation, chemicals, air, and mechanical agitation will define the flotation performance of any given

circuit.



2.6.1 Particle size influence in flotation
As mentioned in the previous section, flotation is a particle size driven process. The

effectiveness of the flotation processes is often represented either by a final recovery value or as a

recovery by size curve. Representing the flotation performance as a size by recovery curve facilitates

a visual identification of the high and low recovery particle size regions. In a metallurgical sense, the

comminution circuit should aim to liberate the valuable minerals just enough to facilitate the

separation of the valuable minerals from the gangue. However, inefficiencies in classification often

create unwanted characteristics in the flotation feed, such as a high content of fine or coarse particles.

This distribution in minerals between particle size classes will have an impact on recovery. Several

researchers have highlighted that the different production of minerals in the size classes in the best

recovery region is crucial.

Gaudin et al, (1931) conducted the first detailed study of the effect of particle size on flotation,

by analysing the performance of several operations. Gaudin (1931) reported that the best recovery

for lead, zinc, and copper sulphides were obtained for particles between 10 and 50 µm; and that the

recovery was highest for particle at intermediate sizes. Trahar (1976) made a more comprehensive

comparison of various minerals under similar conditions and found that the  size ranges of maximum

recovery were different for different minerals: galena (6-70 µm), sphalerite (8-90 µm), pyrrhotite (9-

40 µm), chalcopyrite (15 - 60 µm), arsenopyrite (15-120 µm), and pyrite (20-150 µm).

Trahar (1976) explored the selectivity of galena in composite with sphalerite and quartz. The

composite ore was ground in a steel ball mill at 67% of solids by weight for 20 minutes. Laboratory

flotation tests were completed to generate concentrate and tailing samples. The samples were sized

down to 37 µm, and the minus 37 µm size fraction was cyclosized. The individual size fractions were

assayed for lead and zinc to estimate the recovery by size curves (Figure 19). Galena recovery was

found to be particle size dependent. The final recovery was described in terms of coarse, intermediate

and fine particles recovery. The maximum recovery was limited by the low floatability of both the

coarse and fine size fractions in comparison with the intermediate size classes.



Figure 19. Recovery by size of galena and sphalerite, after Trahar, (1976).

Trahar also noted that ultrafine galena recovery increased at the expense of the coarser galena

particles as particle size was reduced. The lower coarse particle recovery was attributed to reagent

starvation of the coarse particles taking place due to the increased proportion of ultrafine particles

(Crawford and Ralston, 1988; Trahar and Warren, 1976). To overcome the low recovery of coarse

galena, additional reagent was added, with a final recovery of 90% been reached. Nevertheless, this

improvement in recovery occurred at the expense of selectivity, as shown in Figure 20. Aiming to

find a balance between recovery and selectivity, Trahar (1976) proposed the use of split conditioning.

This involves splitting a stream into a coarse and a fine stream, adding reagent separately to each

size. This improves the recovery of the coarse while maintaining a certain degree of selectivity.

Figure 20. Selectivity curves, after Trahar, 1976.



Later in 1981, Trahar published a “Rational interpretation of the role of particle size in

flotation”. In this study, Trahar (1981) used both plant survey data, and laboratory batch testing to

identify the principal effects of particle size in flotation. Trahar (1981) divided the recovery by size

curve into three regions, being fine, intermediate and coarse regions (Figure 21). He also determined

that the recovery by size curves were stable in shape for a given set of flotation conditions, regardless

of grind size. This was found to be true across different minerals i.e. cassiterite, galena, or

chalcopyrite.  This conclusion was subsequently used as the primary assumption of Bazin (1994) to

build their model to predict recovery.

Trahar (1981) also found evidence that entrainment played a significant role in the recovery

of ultrafine particles, thus limiting the minimum size to which efficient separations can be achieved

using conventional flotation. He also suggested that the maximum size for which recovery is

significant was determined by the selectivity requirements. Trahar (1981) proposed that grinding and

classification processes should be designed to liberate and allocate a large proportion of the valuable

minerals in the ranges associated with high flotation rates. Finally, Trahar (1981) developed a

qualitative representation of the influence of particle size on the relationship between floatability and

hydrophobicity (Figure 22). This qualitative representation indicated that larger particles require a

higher hydrophobicity to achieve the same floatability.

Figure 21. Lead recovery by size in lead rougher at Broken Hill South Ltd, (Trahar, 1981).



Figure 22. Qualitative representation of the influence of particle size on the relationship between floatability and

hydrophobicity, after Trahar (1981)

Perhaps, the most valuable contribution from Gaudin and Trahar is the realisation that floating

the full particle size distribution in the same cell might not be the best alternative to simultaneously

maximise recovery and maintain selectivity, that perhaps flotation would improve if the feed were

split in accordance to its size distribution. The fact that ultrafine and coarse particles are never

recovered to the same extent as the intermediate particles is related to several mechanisms, which

might not be the same for both kind of particles. Several factors have been reported to influence the

flotation performance of both ultrafine and coarse particles. Such factors will be discussed in detail

in the following sections.

2.6.2 The role of liberation in flotation
In flotation, the valuable mineral to be floated must be liberated from the host rock by

grinding. The degree of liberation achieved in the comminution process is fully dependant on ore and

equipment characteristics. Liberation varies with different ores, even if similar mineral species are

present (Evans, 2011). A liberated particle is one that contains only one mineral (Evans, 2011). The

degree of liberation of a given ore will influence the potential recovery of the valuable minerals, as

well as the quality or final grade of the concentrate.

The development of the quantitative mineralogical analysis techniques and equipment has

allowed an improvement in the understanding of liberation and its effect on flotation response. The

most common method of measuring liberation are the QEM-Scan (Sutherland and Gottlieb, 1991)

and the Mineral Liberation Analyser (MLA) (Gu, 2003). Particle liberation properties affect flotation



recovery and flotation rate (Sutherland and Gottlieb, 1991; Welsby et al., 2010) with this results being

sensitive to reagent coverage (Vianna, 2004). Improved liberation of the flotation feed is likely to

result in improved recoveries, especially of the coarse particles (Sutherland and Gottlieb, 1991).

Jameson (2012) used Welsby (Welsby et al., 2010) and Muganda (Muganda et al., 2012) data

to estimate the flotation rate constants of each size fraction and liberation class for a set of galena

particles. The results showed that for each liberation class, the ratio of the rate constant, K, to the

maximum rate constant for completely liberated particles, Kmax, was independent of particle size and

unaffected by liberation or contact angle. Therefore, Jameson proposed that the reason for poor

recoveries of coarse particles had nothing to do with liberation, indicating that it is a function of

hydrodynamic conditions in the flotation cell.

2.6.3 Influence of cell hydrodynamics.
Flotation cell hydrodynamics have been shown to affect flotation performance. The

hydrodynamics, which is related to the fluid flow pattern and turbulence created in the cell is due to

the energy generated by the rotor being dissipated within the flotation cell. The turbulence is usually

quantified from the perspective of the power input or impeller speed and design (Ahmed and Jameson,

1985; Deglon et al., 2000; Schubert and Bischofberger, 1979). A full study of the influence of cell

hydrodynamics was out of the scope of this thesis. However, it is acknowledged that cell

hydrodynamics play a role when aiming to optimise the flotation recovery.

2.6.4 Influence of density/viscosity
The development of effective methodologies to correlate the density/viscosity with significant

flotation parameters is ongoing in the literature (Farrokhpay, 2012). However, when a flotation

system contains a significant proportion of ultrafine particles, pulp viscosity is likely to increase, thus

affecting flotation performance due to a different pulp rheological behaviour (Becker et al., 2013;

Patra et al., 2012). Higher pulp viscosities may provide greater friction and detachment within the

turbulence zone of the flotation cell, decreasing coarse particle recovery (Shabalala et al., 2011).

Coarse particles are known to be sensitive to detachment forces, as well as affecting the flotation rate

constant, as suggested by recent studies (Figueroa, 2018).

2.6.5 Influence of reagent coverage
Chemical reagents are used to promote/increase hydrophobicity of valuable minerals. The

adequate selection of reagents, in combination with a balance between fine, intermediate and coarse

particles is ideal to maximise recovery. A high proportion of ultrafine particles can create reagent



starvation of the coarse particles in a flotation system (Trahar, 1976). As mentioned before,

hydrocyclones are the main classifier used to close a comminution circuit prior flotation. Since

hydrocyclones separate based on particle size and density, an efficient separation of high-density

minerals, such as platinum or galena, is not achievable, or complicated at best. The high-density

particles naturally report to the hydrocyclone underflow, thus creating an increase in ultrafine

particles in the flotation feed.  Since ultrafine particles have a high surface to mass ratio, the reagent

consumption is disproportionate, leaving insufficient reagent available for the coarser particles. To

demonstrate this concept, Crawford and Ralston (1988) isolated the effect of reagent coverage on

flotation recovery at laboratory scale. Quartz particles were floated at fixed bubble sizes and turbulent

velocity conditions in a Hallimond tube. The critical surface coverage or advancing water contact

angle, are summarised in Figure 23.

Figure 23. Critical surface coverage of collector as a function of particle size, after Crawford and Ralston (1988)

The Figure 23 indicates the existence of a flotation domain. If the minimum critical surface

coverage (%) and advancing contact angles occurs, then flotation occurs. It is also clear that both

coarse and fine particles require a larger surface coverage and advancing water contact angle to

initiate flotation than do the intermediate particles. Moreover, 38 µm particles required a minimum

surface coverage (%) or water contact angle to initiate flotation under the experimental conditions

evaluated. Vianna (2004) observed similar results in the flotation of galena particles. In general, the



probability of particle – bubble attachment of galena particles increased with increased reagent

coverage, including the coarse composite galena particles (Crawford and Ralston, 1988; Trahar and

Warren, 1976; Vianna, 2004).

2.7 Linking comminution and flotation
The development of comminution and flotation simulation software has evolved significantly

with time. But the simulators are not usually built as integrated tools, thus contributing to the silo

style analysis of comminution and flotation processes. Integration is also not straight forward, as

comminution models predict size only whereas flotation models require information about the

mineralogy and floatability of the feed.  Bazin (1994) proposed a methodology capable of integrating

comminution and flotation to predict the final recovery of any given system as a function of size.

McIvor and Finch (1991) set the foundation to the Bazin method, highlighting it in their guide to

interfacing plant grinding and flotation operations. McIvor and Finch (1991) proposed the use of

survey data from both comminution and flotation circuits as a first step, to understand the circuit

performance. The circuit was evaluated in terms of recovery by size of the valuable minerals, which

were represented using metal assays (Kelsall, 1974; Trahar, 1981). This approach is valid when there

is only one valuable mineral species, i.e. chalcopyrite. However, the accuracy of any prediction is

reduced when the ore has two or more mineral species contributing to the assay (i.e. chalcopyrite and

bornite). McIvor and Finch identified the classification efficiency as a key operating variable,

suggesting that the generation of a comminution product with a particle size distribution as narrow

as possible, would allocate more valuable mineral into the high recovery region of the size by

recovery curve.

After Trahar (1981) demonstrated that the recovery by size curve of any given ore was

constant over a broad range of P80’s; and McIvor and Finch (1991) provided valuable guidelines to

link comminution and flotation, Bazin et al., (1994) developed a method to link comminution and

flotation. Bazin’s method allowed the prediction of the effect of fineness of grind on metallurgical

performance. This method can be used to estimate the effect of different grind sizes on recovery (R.

and Vien, 1999), to predict the operation of a given concentrator (Sosa-Blanco et al., 1999), or to

identify drivers on flotation performance (Runge et al., 2014a). The results can be expressed in terms

of metal assays or minerals.

From sixteen-laboratory batch grinding tests, Bazin et al., (1994) observed that in general, the

lead was distributed in finer size intervals than the overall mass. To understand the significance of



this observation, it was necessary to plot the percentage passing of the overall mass versus the

percentage passing of a mineral or element. When doing this, a single relationship between the

particle size distribution of the valuable minerals and the overall mass was observed, later defined by

Runge as the preferential breakage curve (Runge et al., 2014b). Bazin used a regression analysis to

develop a model aiming to represent the relationship between valuable mineral species deportment

and particle size distribution of the feed. To use the method, the verification of a constant preferential

breakage relationship is necessary (Figure 24).

Figure 24. Preferential breakage curve examples (Bazin et al, 1994; Runge et al, 2014)

The selection of which axis correspond to either the ore or the valuable mineral is not crucial.

However for consistency of this thesis, the preferential breakage curve will follow the example

proposed in Figure 24b. This relationship has been shown to be constant over a broad range of P80’s,

and it is used to correlate the mineral deportment by size with the particle size distribution obtained

from the comminution circuit. Bazin proposed the use of an empirical regression equation to correlate

the mineral deportment by size of the valuable minerals with the particle size distribution of the

flotation feed (Eq.21)

= + + +      ( . 21)

Where, Cj and Cij are the ore and mineral cumulative fraction passing size interval j,

respectively.

The flotation recovery is then predicted using the recovery by size curve. The mineral

recovery by size can be determined using Eq. 22:

= 100      ( . 22)



Where, WC, WF are the mass flow rate in the concentrate and feed streams, r is the fraction of

solids retained in size interval j of the concentrate and feed streams, and xij is the concentration of

mineral i in size interval j of the concentrate and feed streams. In general, the technique assumes that

both hydrodynamic conditions in the flotation cell and reagent surface coverage remain constant.

Therefore, the recovery by size curve should not change as a function of particle size (Trahar, 1981).

The Bazin method allows for an assessment of the optimum grind size for a particular operation

(Runge et al., 2014a), while delivering a reliable prediction of the flotation recovery of any given

valuable mineral, and different feed grades (Figure 25).

Figure 25. Metallurgical performance for hypothetical distributions (Bazin et al. 1994)

Dobby & Savassi (2005) developed an alternative modelling technique called the MinnovEx

Flotation Test (MFT) to predict flotation plant performance.  The technique was divided into three

key steps:

· direct measurement in the batch cell of the kinetics of true flotation in the pulp,

independent of hydraulic entrainment and other froth effects

· benchmarking of the industrial plant over a broad range of ore types and operations

conditions

· model calibration to describe froth effects in the plant with minimal number of

parameters.

Dobby & Savassi (2005) reported that the method was applied successfully at several sites,

encompassing copper, gold, nickel, iron, lead, zinc and coal operations. The measurement of the

kinetics was based on the principle that kinetics of true flotation in the pulp represent the primary

source for selective separation in both lab and plant cells. The flotation results were analysed in terms



of minerals, and a phenomenological approach was applied to decouple the recovery by true flotation

from that by entrainment, based on the recovery of the gangue minerals (Savassi, 2005). The kinetics

of true flotation of each mineral (k-distribution) was described mathematically by three parameters:

· Rmax: The ultimate recovery of the mineral by true flotation

· Kavg: The weighted average flotation rate, excluding non-floatable particles

· α: The measurement of the spread in the k-distribution

The k-distribution is based on classes of particle flotation rate. Each class in the k-distribution

contains particles of different sizes and liberation. A representation of the K-distribution is shown in

Figure 26.

Figure 26. K-distribution, Dobby and Savassi, (2005)

The alpha value is in the range of 1 to 5 for hydrophobic minerals and reaches values of 10

for non-sulphide gangue. To assess the effect of grinding, the assumption of a constant mineral

recovery by size was taken into account (Bazin et al., 1994). This method is robust, in the sense that

it correlates laboratory flotation work with true plant performance. However, the shape of the size by

recovery curve ultimately fixes the limits of any recovery estimation.

2.8 Classification and its implications for downstream processing
The influence of classification efficiency on comminution circuit performance has been

analysed and discussed by past researchers. In general, improving classification efficiency can unlock

throughput increases, but potential benefits for downstream processing should not be overlooked.



Jankovic & Valery (2013) analysed the influence of classification efficiency and circulating

load on ball milling and created a mathematical model for the relative circuit capacity in conjunction

with the classification efficiency, following mass balancing methods (Magdalinovic, 1991) (Eq. 23):

= =
1

1 + 1.5 + −
1

  ( . 23)

Where Q stands for the mill capacity, C for the circulating load, E for classification efficiency

and K for the grinding rate constant. C and E values were calculated using the classification efficiency

and circulating load formulas Eq. 14 and Eq. 15, already presented in section 2.4 of this literature

review.

The results were validated using other researchers data, showing a reasonable agreement

between the experimental observations and model predictions (Figure 27). Equation 23 was used to

create basic classification efficiency curves, showing that capacity increase with circulating load but

flattening off from about 3 onwards, showing that the capacity benefit is lost at circulating loads

exceeding this. The capacity decreases with lower classification efficiency. Only in the theoretical

case of perfect classification when the amount of fines in the coarse classifier product is zero (b=0%

in Eq. 14) the capacity will continue to increase with circulating load.

Figure 27. a) relative capacity comparison – experimental versus model, b) effect of circulating load and classification efficiency

on milling circuit capacity (Jankovic and Valery, 2013)

Jankovic and Valery (2013) combined the Hukki and Metso’s databases to demonstrate the

relationship between classification efficiency and circulating load (Figure 28), where b stands for the

amount of fines in the coarse classifier product. They stated that the classification efficiency value



was not useful unless related with the circulating load (Jankovic and Valery, 2013), because the

combination of both could provide a clearer idea of circuit performance. This relationship included

comminution circuits using hydrocyclones only.

Figure 28. Basic classification curves showing the relationship between classification efficiency and circulating load, after

Jankovic et al, 2013.

The trend shows that classification efficiency decreased with increased circulating load; as

well as providing an indication that a significant number of operations run at more than 400%

circulating load, thus achieving classification efficiencies lower than 40%. What is not clear from

such analysis is which is the dependent variable, classification efficiency or circulating load since

both of them are naturally interrelated. However, the capacity gains suggested by Davis (1925) are

not achievable in practice as higher circulating load inevitably results in lower classification

efficiency.

Jankovic and Valery (2013) used their model for the relative capacity in conjunction with the

classification efficiency to discuss the practical implications of circulating load and classification

efficiency on the capacity of ball mills in closed circuit with hydrocyclones, screens, and a

combination of both. For comparison purposes, the hydrocyclone performance was fixed,

representing a scenario of 250% circulating load and 38% of fine material reporting to the

hydrocyclone underflow (this value represented a classification efficiency of 50% for the analysed

data). The screens were estimated with a by-pass of 20% of fines reporting to screen oversize. A two-



stage classification (hydrocyclones plus screens treating the underflow), was also estimated with 15%

of fine material reporting to screen oversize.

Figure 29. Potential benefits of a hybrid classification configuration on ball mill capacity

The results (Figure 29) indicated that a ball mill circuit closed with hydrocyclones had low

potential to increase capacity by increasing the circulating load from 250% to 600%, because of the

inherent reduction in classification efficiency as the circulating load increased. The other two

alternatives evaluated increased capacity due to higher classification efficiency, this was achieved at

lower circulating loads. The potential improvement in circuit capacity achievable by increasing

classification efficiency was estimated in the range of 15-25%. The effect of the different scenarios

on the particle size distribution of the final product; or any downstream effects were not part of the

scope of the study. Even though these conclusions were drawn using modelling methods rather than

measurements, the estimation of circuit capacity increases followed the ranges of previously

published data.

The overgrinding of heavy dense minerals is a common problem when using hydrocyclones

to close the comminution circuit. Ideally, ultrafine particle generation is to be avoided, since the

recovery of such particles has been shown to be low; and, an increased presence of ultrafine particles

is likely to promote detrimental effects, such as reagent starvation. Morrell (1994) investigated the

application of screens in a comminution circuit to avoid overgrinding of valuable galena. Several

surveys were completed on a Pb/Cu/Zn mine, and it was found that a high proportion of ultrafine

galena was being generated due to the density effect in the hydrocyclone (Morrell, 1994). This

affected the grade and recovery of copper and zinc concentrates. Figure 30 presents the original

comminution circuit.



Figure 30. Comminution circuit flowsheet, (Morrell, 1994)

The study proposed the use of a hybrid classification arrangement (hydrocyclones and

screens). To validate the concept, samples from the hydrocyclone underflow were subjected to

classification in a pilot KHD screen (Jankovic and Morrell, 1994). The preliminary testing program

aimed to explore the best operational conditions for the screening process and to understand the

implications of mineral density on the classification process. During the experiment, variations in

feed rate, the angle of inclination and cleaning cycle were evaluated. The main factors affecting

screening classification efficiency were operational characteristics (slit size, inclination angle, water

addition, vibrating regime), and feed slurry characteristics (particle size distribution, particle shape,

feed rate, and solids percentage). The increase in feed rate decreased the cut size and the separation

sharpness. The lower proportion of solids reduced misclassification of fines (water splits), thus

improving screening performance. The information collected was used to model the screen

performance using the classification efficiency model. The screen model was used to investigate the

potential benefits of screening the hydrocyclone underflow. Simulations were completed, and it was

found that screening the hydrocyclone underflow would reduce galena overgrinding while promoting

energy savings. It was possible to shut down one mill without affecting circuit throughput. The results

indicated showed that installing the screens to avoid overgrinding, the amount of ultrafine galena was

significantly reduced, from 83% to 66%, and one mill could be shut down. (Figure 31).



Figure 31. Proposed configuration to screen the hydrocyclone UF (Morrell, 1994)

The implications of the suggested changes for downstream processing were not considered in

the case study. However, the improvement of classification efficiency promoted two simultaneous

gains, one was the reduction of ultrafine galena generation, and the other was a better use of the

energy available, since one mill can process the same throughput as the original 2 when operating

under a better classification efficiency regime.

Reducing the ultrafine galena generation was also explored by Manlapig et al, 1985. Manlapig

et al. (1985) evaluated several alternatives to avoid ultrafine galena production at Mt. Isa. The study

included pilot plant trials, mathematical modelling and liberation studies. Again, the overgrinding of

galena was occurring because the classification was completed using hydrocyclones, as shown in

Figure 32. The study aimed to find an alternative to reduce galena overgrinding, since ultrafine



particles had a low recovery efficiency. This is shown in the recovery by size curve presented in

Figure 33.

From the study, the most succesful trial was the pilot plant study, in which a flash flotation

cell was installed on the ball mill discharge. The aim was to recover the coarse liberated galena and

thus improve the classification efficiency of galena-bearing particles in the hydrocyclone. A

comparison of the classification efficiency of galena before and after the flash cell modification is

presented in Figure 34. It was observed that the particles in the size range of -0.056 to 0.006 mm were

reduced to the greatest extent. The authors concluded that this kind of arrangement would only reduce

overgrinding of a dense mineral if there is liberation at coarser sizes which could be recovered in the

flash cell (Manlapig et al., 1985).

Samples of different streams across the comminution circuit were collected and processed

using QEM Scan. However, the liberation study was limited to one size fraction; 0.014 to 0.027 mm.

The liberation study concluded that no significant changes in liberation occurred since the liberation

of the major minerals in each sample was constant in the different grind size distributions. This meant

that the liberation of galena or sphalerite in the 0.014 to 0.027 mm size fraction was constant. As the

ore was ground and became finer, the amount of material in the 0.014 to 0.027 mm size fraction

increased, but the fraction of liberated galena in that size fraction remained constant. This case study

established the baseline of a frequently used heuristics in mineral processing: the liberation of

minerals in each size fraction is constant, independent of the overall size distribution. However, this

observation was limited to one size fraction only. The study also acknowledged the difficulty of

reducing overgrinding of dense minerals, such as galena, when hydrocyclones are used in the

comminution circuit.

Figure 32. Schematic of primary comminution circuit, redrawn after Manlapig et al, 1985



Figure 33. Average Galena Recovery by size curve, redrawn after Manlapig et at, 1985

Figure 34. Classification efficiency curves before and after flash flotation, redrawn after Manlapig et al, 1985

The implementation of fine screens only became a feasible option after 2001, with the

development of the high frequency screens (Valine and Wennen, 2002). There are several case studies

about the replacement of hydrocyclones with screens in the comminution circuit. From these case

studies, the Brocal mine site case study is probably the most comprehensive published to date

(Barkhuysen, 2009; Dündar et al., 2014; Valine et al., 2009). The El Brocal mine site processed a

Cu/Pb/Zn ore. Full-scale experimentation was completed to explore the differences between

hydrocyclones and screens (Figure 35 and Figure 36). The main difference reported was the

significant reduction of circulating load, from 360% with hydrocyclones to 60% when screening.

This was a result of the improved classification efficiency and allowed for a throughput increase of

11%, with a coarser product, as shown in Figure 37.

0

20

40

60

80

100

755338+F3+F5+F6+F7
Re

co
ve

ry
, %

Galena Size, µm

0

10

20

30

40

50

60

70

80

90

100

1 10 100 1000

%
 m

as
s r

ep
or

tin
g 

to
 u

nd
er

flo
w

Size, µm

Selective Classification

No Selective Classification



Figure 35. Brocal grinding circuit with hydrocyclones (Valine et al., 2009)

Figure 36. Brocal grinding circuit with screens (Valine et al., 2009)



Figure 37. Flotation feed obtained with screens and hydrocyclones (Valine et al., 2009)

When the screens were used as the classifier, the classification efficiency improved, as shown

in Figure 38 (Dündar et al., 2014). Since a better separation between coarse and fine particles was

taking place when screening, an increase in coarse particles being recycled to the ball mill for further

breakage occurred. Consequently, the mill delivered higher rates of breakage (Figure 39). Breakage

rates increase due to improved classification efficiency was shown to be a consistent outcome across

several operations and different ore types (Dündar et al., 2014).

Figure 38. Classification efficiency curves for hydrocyclones and screens at El Brocal
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Figure 39. Breakage rates for hydrocyclones and screens at El Brocal

Additional energy savings and improved flotation performance were also reported in the

Brocal case study. The installation of screens allowed the site to decommission one ball mill, and the

lead recovery increased by 9%. The reasons for the improved lead recovery were not part of the scope

of the study. However, Valine suggested that due to the significant reduction in circulating load

(360% to 60%) overgrinding of the valuable minerals was minimised. Therefore, less ultrafine lead

bearing particles were generated, which is reflected in the reduction of lead in the minus 10 µm size

fraction, which decreased from 18% to 10% (Valine, Wheeler et al., 2009). In this case study, fine

screening technology is shown to be a feasible alternative to improve both the comminution and

flotation circuit’s performance. However, the main drivers behind the change in flotation recovery

were not explored. The main disadvantages of the fine screen reported by Dündar et al (2014) was

the larger footprint and increased maintenance costs in comparison with hydrocyclones.

Mainza et al. (2004) also explored the potential improvement in classification efficiency as a

means of reducing the overgrinding of dense chromite. Overground dense chromite was detrimental

for the overall performance of an ore that contained silica associated with platinum group metals

(PGM). The classification step prior to flotation was completed using hydrocyclones, and due to the

differences in density between silica and chromite (2.8 and 4.5, respectively), high-density chromite

was reporting to the hydrocyclone underflow, thus being overground. Additionally, coarse silica,

associated with PGM, was reporting in the hydrocyclone overflow, even if it was not fine enough.

The poor classification efficiency generated high circulating loads, and reduced circuit capacity. This

promoted the generation of ultrafine chromite particles, which reduced the concentrate quality due to

entrainment. Mainza et al. (2004) revisited the original concept for the three-product hydrocyclone

aiming to provide a potential solution to both problems. A schematic of the three-product

hydrocyclone is presented in Figure 40. The three-product hydrocyclone generates a fine stream

(OFI), a middling stream (OFO), and the underflow stream (UF). Mainza et al. (2004) aimed to

generate one product containing a reduced proportion of +100 µm particles (OFI), a middling stream

which could potentially be screened to recover the fines for flotation and recirculate the coarse for

further grinding (OFO), and an underflow product. In this ore, the +100 µm particles were to be

avoided since significant losses in the recovery of the valuable silica associated with PGM occurred

in this size region.



Figure 40. Schematics of a conventional and a three-product hydrocyclone

The work was divided into two stages. In a first stage, tests to find the right operational

parameters were conducted. A schematic of the arrangement is presented in Figure 41. The three-

product hydrocyclone was installed in closed circuit with a pump that took a portion of mass coming

from the hydrocyclone feed sump.

Figure 41. Schematic of the three-product hydrocyclone test rig.

The first test work was successful, since the three-product hydrocyclone generated the desired

product finer than 100 µm (OFI), as well as the second product (middling) with a significant

proportion of +100 µm particle (OFO) (Figure 42). In addition, chromite was reporting in the OFO,

which implied a reduction in the ultrafine chromite generation (Figure 43). In the light of these

successful trials, a second phase was completed. The second phases consisted of the evaluation of a



hybrid configuration of a three-product hydrocyclone with a scalping screen to reprocess the OFO

stream, by returning for further grinding particles coarser than 100 µm.

Figure 42. Comparison of the particle size distributions delivered by the conventional hydrocyclone and the three-product

hydrocyclone

Figure 43. Particle size distribution (silica and chromite) in the three-product hydrocyclone

In the second stage of the study, pilot plant tests were also completed to study the benefits, if

any, in downstream processing and potential changes in liberation. Figure 44 presents the pilot plant

test rig used to conduct the trials of the hybrid configuration. A ball mill was closed with the three-

product hydrocyclone. The OFI product was the final product, while the middling stream (OFO) was

screened. The fine particles were sent to flotation, while the coarse particles were combined with the

three-product hydrocyclone underflow and sent back to the mill.
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Figure 44. Diagram of the pilot plant test rig set up for the three-product hydrocyclone

Becker et al (2008) reported that the implementation of the hybrid classification stage allowed

for a reduction of 10% in the proportion of material coarser than 32 µm, thus modifying the particle

size distribution (Figure 45). Flotation tests were completed for the pilot plant tests and the recovery

by size curves produced were calculated (Figure 46). The results indicated that improvements in

flotation recovery occurred across all size classes for the sulphide component, with a 10% increase

in the 20 µm being the most significant. The overall recovery of the sulphide component increased

from 65% to 67%. Interestingly, even with significant increases in recovery of the sulphide

component in the coarser size classes observed (between 5% and 8%), the increases were not

significant in terms of the overall recovery since most of the sulphide component was reporting into

the finer size classes. In addition, concentrate grade improvements of 2% were reported for both the

silica and chromite components.

Figure 45. Comparison of the size distribution of the hydrocyclone underflow and flotation feed samples for the conventional

and three product hydrocyclones



Further studies were conducted to determine whether liberation changes occur with the hybrid

classification stage, in comparison with the conventional hydrocyclone operation. The results are

shown in (Table 1). Chromite abundance in the flotation feed is shown in Figure 47. The data

indicated that an increase in liberated PGM occurred with the three-product hydrocyclone, as well as

a reduction in the presence of PGM locked with silicates. However, the results lacked statistical

validity, since the observations were based on only 100 grains containing PGM for each sample. One

of the goals was to control the presence of ultrafine chromite, due to its detrimental effects on flotation

performance. Figure 47 indicated that under the alternative arrangement, more ultra-fine chromite

was being sent to the flotation circuit. Since the chromite was significantly finer than the silica

components, it was preferentially reporting to the flotation circuit. However, it is important to note,

that the chromite proportion was increased in the coarser sizes (+32 and +90 µm). The study

concluded that the presence of an increased proportion of liberated PGM particles was an indicator

that a better flotation feed was being achieved with the three-product hydrocyclone. However, the

authors acknowledged the influence of sampling errors, preparation and different ore composition as

potential causes of the differences observed in the study (Becker et al., 2008).

Figure 46. Recovery by size curves for the conventional and three product hydrocyclones, redrawn after Mainza, et al. 2004
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Table 1. Comparison of the association of PGM particles and grains analysed for the flotation feed, after Becker et al, (2008)

Figure 47. Comparison of chromite distribution when operating with conventional or three-product hydrocyclone’s, redrawn

after Becker et al, (2008)

In general, it can be concluded that the three-product hydrocyclone reduces the influence of

density on classification but does not fully eliminate it. Also, the combination of screens and the

three-product hydrocyclone did not show conclusively that an improvement in liberation occurred.

The application of hybrid arrangements in the classification stage should be tailored to achieve a

target size. The screen, when used as a scalper, will not allow particles of a given size to proceed for

downstream processing, but it might not improve the properties of the flotation feed, since most of

the classification is done by the three - product hydrocyclone. The hybrid arrangement prevented

coarser lower density particles from reporting to flotation, but it did not reduce the generation of

ultrafine particles due to overgrinding.

Since the liberation of minerals produced during comminution significantly influences the

downstream recovery, finding a means to enhance it is of prime importance. Vizcarra et al (2010)

evaluated the implication of using different breakage methods (Figure 48) for mineral liberation and

measured flotation performance (Vizcarra et al., 2010). Different ore types were subjected to
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breakage using a hammer mill, and a piston-die compression unit. After that, samples were analysed

and floated using the hallimond tube. The study concluded that no statistically significant changes in

liberation by size occurred (Figure 49 and Figure 50), between the breakage method used (Vizcarra

et al., 2010). However, the flotation analysis found a relationship between the particle angularity and

the flotation rate (Figure 51). They concluded that angular particles reported faster to the concentrate

in comparison with rounded particles. This difference was significant in the absence of collector.

However, in the presence of collector, the contribution to floatability was not significant (Vizcarra et

al., 2011).

Figure 48. Interior chamber of the hammer mill and piston-die compression unit, (Vizcarra et al, 2010)

Figure 49. Obtained particle size distributions with (a) hammer mill, (b) piston-die, (Vizcarra et al, 2010)

Figure 50. Degree of liberation of magnetite and chalcopyrite, (Vizcarra et al, 2010)



Figure 51. Recovery vs time plots of several angularity classes of chalcopyrite floated without collector, (Vizcarra et al, 2011)

Recently, Runge et al. (2014) reported on the influence of the ultrafine particles on flotation

at a copper-molybdenum mine site. Different flotation feed size distributions generated different

recovery by size curves as shown in the monthly composited data (Figure 52 and Figure 53). These

results were not consistent with the Trahar data. The variability of copper in the fine end was greater

than that observed in the overall mass particle size distribution. Runge found correlations between

the proportion of ultrafine copper and the recovery of coarse copper (Figure 54). Runge et al. (2014)

used the Bazin method to evaluate the potential benefits of fixing the variability of ultrafine copper

production. To establish a comparison, two recovery-by size curves were assumed, one being the

average of all the data, and the other, allowing the variability in the recovery by size curve to affect

the estimation of the final recovery. Runge concluded that due to the ultrafine production, a

significant loss in recovery occurred. Potential opportunities to increase recovery were estimated in

the range of 1 to 5% (Figure 55). This example shows that when the particle size distribution is

modified, recovery improvements can occur.

Figure 52. Recovery by size curve after Runge et al. (2014)



Figure 53. Particle size distribution of the overall mass (a) and copper (b), after Runge et al. (2014)

Figure 54. Effect of ultrafines in coarse recovery, after Runge et al. (2014)

Figure 55. Alternative particle size distributions simulated and effect of ultra-fines on final copper recovery, after Runge et

al. (2014)

2.9 Summary
The reviewed literature has shown that efficiency of size separation affects the size of the

recirculating loads, throughput and energy performance of comminution circuits. However,

information is available on how size separation devices, affect the mineral and liberation distribution

produced by comminution. Additionally, the literature indicated that flotation is a function of a

universal size recovery relationship and the proportion of mineral in each size class for a given P80.

However, it is unknown if that size recovery curve would remain unchanged when using a different

sizing device, and, the potential benefit of improving flotation by sharpening the flotation feed

particle size distribution.



Sizing devices (hydrocyclones and screens) contributed significantly to the evolution of

mineral processing, since they promoted consistent target size distributions, while increasing the

capacity of a given circuit. The preparation of the flotation feed should be tailored to maximise

recovery, given the influence of size and liberation on flotation performance. However, comminution

and flotation are often investigated as independent processes, without much considerations to the

potential benefits of improving size separation. A study focused on the influence of classification

efficiency on both comminution and flotation is of prime importance since the classifier is the true

link between comminution and flotation.

Comminution circuits are traditionally closed with hydrocyclones. The low footprint, high

capacity, and robustness of hydrocyclones emphasized its value over any detriment caused by poor

classification efficiency. On the other hand, screening recently has been shown to be an efficient

alternative for sizing, traditionally limited by the large footprint required to match hydrocyclones

capacity.

The comminution circuit fulfils two purposes, size reduction, and liberation. The liberation

by size achieved in a comminution circuit closed with hydrocyclones has been reported to be a

constant at different grind size ranges. This heuristic has also been shown to be valid when breaking

particles with different comminution devices. However, some studies have shown potential

improvements in the liberation of dense minerals, such as chromite in PGM, when improving

classification efficiency. Unfortunately, the number of particles analysed was low, and because of

this, no statistical validation of the data was pursued.

Hydrocyclones and screens differ from each other due to the extent of the role played by

particle density in the separation process. With hydrocyclones, achieving a desired target size for

heavy-dense valuable minerals can be challenging. High-density minerals will report to the

hydrocyclone underflow, and consequently will be subjected to several grinding steps before escaping

from the comminution circuit. For a screen, the particles will proceed to downstream processing as

soon as the desired size criteria are met – thus reducing overgrinding.

Flotation is a size driven process, represented by its size recovery curve. The size recovery

curve exhibits three recovery zones. The intermediate particle sizes exhibit the best recovery, and

both coarse and fine sizes have low recoveries. The recovery by size has been found to be similar for

a given process, across a given range of P80’s. This consistency in behaviour allows mathematical

estimations of expected flotation recovery as grind size changes. The Bazin method provides a simple,



elegant prediction of potential recovery. To use the Bazin method, the system must meet two criteria:

to exhibit a constant recovery by size curve and a constant preferential breakage curve. In this sense,

it could be stated that the degree of fineness of the flotation feed will deliver improvements in

recovery and the limits of thess improvements are related to both the coarse and fine end of the

recovery by size curve.

Since the limiting recovery by size curve exhibits a low recovery in the fine region;

overgrinding of valuable minerals, reflected in ultrafines generation, will adversely affect flotation

recovery. An increased proportion of ultrafines will also reduce particle-bubble collision efficiency,

affect viscosity creating increased shear rates, and promote reagent starvation of coarser particles.

Hence, a coarser grind is likely to reduce the detrimental effects of ultrafines. However, coarsening

the flotation feed has its limits, represented by the low recovery of coarse particles. The likely causes

of low coarse recovery are particle-bubble detachment and poor liberation. Therefore, the ideal

scenario to maximise recovery is related to the allocation of the valuable minerals in the best size for

optimum recovery, minimising ultrafines while improving coarse particle liberation.

Integrated comminution and flotation case studies have been presented. From these, indirect

connections between classification efficiency and its influence on both comminution and flotation

were established. Improving classification performance will aid the comminution circuit by

improving energy efficiency and throughput. For flotation, since it is a size driven process, it can

potentially improve final recovery, by allocating valuable minerals in the best recovered size classes.

Interestingly, improvements in classification efficiency were achieved by replacing hydrocyclones

with screens, or by introducing hybrid classification systems, which combine both technologies.

However, there is still a need for an integrated study, since most of the reported data is incomplete,

or is focussed on one circuit only (comminution or flotation). Therefore, fundamental knowledge is

necessary to understand how different size separation devices, operating under different principles,

such as hydrocyclones and screens, affect comminution and flotation performance. Understanding

the limits and benefits of improving classification efficiency; as well as the drivers behind the

changes, if any, could allow tailoring of circuit designs to maximise the effective use of energy and

maximise flotation recovery.

2.10 Gaps in Knowledge
In summary, the review of the technical literature presented in this section has identified the

following gaps in knowledge:



· The absence of a study with a holistic approach, linking comminution and flotation at

industrial scale, in terms of energy, classification efficiency and flotation performance.

· The absence of a detailed comparison between hydrocyclones and screens, and their

influence on both comminution and flotation performance

· The absence of definitive evidence of a constant liberation by size, produced by a

comminution circuit.

· No data have been published to address why screens provide benefits in downstream

processing.

2.11 Research Questions
In the context of this research, classification efficiency and its influence on flotation recovery

will be assessed using real operation data, aiming to elucidate potential opportunities for recovery

improvements, as well as to explain why these changes occurred.

This leads to the following research questions:

· To what extent does classification efficiency influence comminution energy

efficiency?

· Does sharpening the particle size distribution have a real benefit in downstream

processing?

· Are screens better than hydrocyclones, in a holistic perspective?

· Does liberation by size remain unchanged across the comminution circuit when the

classification stage is considered?

· What are the underlying mechanisms behind improved flotation performance when

classification efficiency is improved?

2.12 Hypotheses
Based on the previous questions, this thesis will investigate the following hypotheses:

· An efficient classification stage in the comminution circuit not only increases

throughput and energy efficiency but also increases the flotation recovery.

· A comminution circuit operated with screens will be more energy efficient compared

to one operated with hydrocyclones.

· An efficient classification stage in the comminution circuit results in the generation of

a steeper grinding product that will improve flotation recovery.



· Flotation recovery improvement is also a consequence of a change in the recovery by

size curve caused by a change in liberation, improved reagent distribution or a

reduction in flotation pulp viscosity.



Chapter 3. Experimental Section
3.1   Introduction
The objectives of this thesis are to better understand how classification efficiency and

classifier type affect the comminution and flotation circuits. The aim is to maximise the use of the

energy and potentially improve mineral recovery.

To achieve these objectives, it is important to investigate the problem using real plant

operational data. In this thesis, experimental information was collected from two mine sites. This

chapter presents a description of the sites visited, as well as a high-level description of the

experimental work completed at each site.

Firstly, a description of Cadia Valley Operation (CVO) will be provided. Test work performed

in this concentrator aimed at investigating how variations in hydrocyclone efficiency affect the

comminution and flotation performance.

Secondly, a circuit description of the Minera Saucito concentrator will be presented. This

concentrator was selected because it had the capability to operate with hydrocyclones or screens in

the ball milling node preceding flotation. The experimental work was designed to compare the

differences in both comminution and flotation performance when using hydrocyclones or screens and

to determine reasons for the observed differences in behaviour.

3.2 Cadia Valley Operation (CVO)

3.2.1 Location and circuit description
The Cadia Valley Operation (CVO) is located 25 kilometres from the city of Orange, in central

west New South Wales and is 250 kilometres west of Sydney (Figure 56). In 2017, the mine site

processed ore from the Cadia East Underground mine, which had a total reserve of 961 million tonnes

of ore with an average grade of 0.33% Cu and 0.61 g/t Au (Evans, 2011).



Figure 56. Cadia Valley Operation location, after Newcrest (2018).

The ore contained feldspar, biotite, ilite, quartz and chlorite. Small amounts of calcite and

fluorite were also present. The economically extractable minerals were gold and chalcopyrite

(CuFeS2) (Evans, 2011).

In 2017, CVO was one of the largest gold mines in Australia. CVO produced gold doré from

a gravity gold circuit and gold rich copper concentrates from a flotation circuit (Foggiato 2017). The

mineral processing facility was divided into three concentrators. The data presented in Chapter 4 was

entirely collected from Concentrator 3. The data collection focussed on the ball mill node and the

flotation circuit of Concentrator 3. The ball mill circuit consisted of a 7.9 m × 12.8 m ball mill, with

grinding media of 65 mm top size, in closed circuit configuration with Krebs hydrocyclones, the

dimensions of which are given in Table 2. The combined SAG mill trommel undersize that feeds the

Concentrator 3 circuit and ball mill product is classified using one hydrocyclone nest consisting of

eleven hydrocyclones and an additional single hydrocyclone. The combined hydrocyclone overflow

(hydrocyclone nest and single unit) then became the flotation feed of the rougher flotation circuit

(Figure 57).

Table 2. Hydrocyclone dimensions

Cyclone diameter (m) 0.660
Inlet diameter (m) 0.250
Vortex Finder diameter (m) 0.254
Spigot diameter (m) 0.165
Cylinder length (m) 0.559

Hydrocyclone dimensions



Figure 57. Schematic of the CVO Concentrator 3

3.2.2 Surveying Campaigns
Two survey campaigns of the Cadia Concentrator 3 hydrocyclones and rougher circuit were

conducted to measure classification efficiency and determine its effect on recovery. The first

surveying campaign mapped the variability in classification of industrial hydrocyclones across the

hydrocyclone nest. Hydrocyclone overflow and underflow samples were collected from individual

hydrocyclones. While on site, the standard SMI-JKMRC survey method was followed. First, an

assessment of the potential sampling points was completed. Once appropriate sampling points were

determined, the required buckets and lids were weighed, marked and tagged. All the sample

containers for the surveys were placed in the appropriate position prior to the survey (Figure 58 and

Figure 59).

The CVO operational crew provided support to stabilize the circuit prior to the survey. Once

stability was reached, A+ B samples from each sampling point across the hydrocyclone nest were

collected at 15 minutes intervals over one hour. Each sample cut was stored in the corresponding

bucket. After finishing all the sample cuts, one individual hydrocyclone feed sample was collected

from the underflow of a hydrocyclone previously fitted with a blinding plate on the overflow. At the

end of the survey, the buckets were sealed with lids and transported to the metallurgical laboratory

for sample processing. All safety procedures were followed during the surveying campaign.



Figure 58. a) Tared buckets, and sample cutter used; b) Buckets about to be placed to survey the hydrocyclone overflow.

Figure 59. CVO Concentrator 3 hydrocyclone nest prior to surveying

The second surveying campaign aimed to measure the daily variation in the hydrocyclone

overflow size distribution and its effect on flotation recovery, and recovery by size. To achieve this

objective, CVO operational staff assisted by completing thirty-one daily surveys across the flotation



rougher over a month period. The samples collected were flotation feed, rougher concentrate and

rougher tails. A measurement of plant feed P80 is part of the daily operational routine of the CVO

laboratory. Based on the CVO lab P80 measurements, a set of ten datasets was selected which covered

a wide range of P80’s (100 – 180 µm), with variations of approximately 10 microns between each

selected P80.

Figure 60 presents a simplified representation of the CVO Concentrator 3 hydrocyclone nest,

flotation rougher and the sampling points selected for both surveying campaigns. In the case of the

hydrocyclone surveying campaign, it was not possible to access all hydrocyclone overflow (OF) and

underflow (UF) samples. All the streams that could be accessed were sampled. Only the

hydrocyclones (Figure 60) with both OF and UF samples however were selected for sample

preparation and analysis.

Figure 60. Sampling points, CVO Concentrator 3

The sample processing included wet weighing, filtering, drying, and dry weighing, to estimate

each stream’s percentage of solids. Using a rotary splitter, 500 grams batches per sample were split

out for further processing (Figure 61). These 500 grams samples were wet sieved using a 20 µm sieve.

The +20 µm size fraction was dry sieved using √2 series sieves. The – 20 µm produced during dry

sieving was combined with the –20 µm generated in the wet sieving stage (Figure 62). All the data

was used to determine the particle size distribution of each stream sampled. Mass balancing of the

size data was completed using JKSimMet. All size fractions were assayed for copper.



Figure 61. Schematic of the sample preparation to generate the 500 g batches per stream

Figure 62. Schematic of the sample processing used to determine the particle size distribution and assay by size.



3.3 Minera Saucito Operation

3.3.1 Operation and circuit description
Minera Saucito was the world-leading producer of silver in 2016. The mine site is in

Zacatecas, Mexico, eight kilometres southwest of the city of Fresnillo (Figure 63). The mine site

processes a polymetallic ore body containing gold, lead, silver and zinc related mineral species.

Figure 63. Minera Saucito location

The gold was present as native gold, and as an electrum alloy with silver. Silver appeared as

native, argentite, pyrargyrite, freibergite and aguilarite. Lead was present as pure galena and zinc

appears as sphalerite. The main non-sulphide gangue minerals were quartz, orthoclase, and calcite.

Minera Saucito operated two identical parallel comminution and flotation circuits to produce

lead/silver, zinc and pyrite concentrates. Each comminution circuit is an SAB (SAG-Ball Mill)

configuration, each has a 6.10 m x 2.70 m SAG mill with pebble recycle to complete the first stage

of size reduction, followed by a 4.60 m x 8.84 m ball mill. Prior to ball milling, the SAG screen

undersize was classified by a nest of three Gmax 10 hydrocyclones producing a flotation feed and a

coarse ball mill feed. The ball mill was in close circuit with hydrocyclones. The SAG hydrocyclone

overflow and ball mill hydrocyclone overflow were combined to form the flotation feed. In October

2014, Minera Saucito replaced the hydrocyclones in the ball mill node with high frequency screens.

The objective of replacing hydrocyclones with screens was to increase throughput by at least 15%.

During the period of this research, both comminution circuits could operate using either

hydrocyclones or screens (Figure 64).



Figure 64. Comminution circuit closed with: a) hydrocyclones b) screens

The flotation circuit (Figure 65) was composed of two rougher banks followed by a scavenger

bank and a three-stage cleaning circuit. The rougher concentrate had three stages of cleaning to

produce a final lead/silver concentrate. The scavenger tail then became the zinc circuit feed, which

had a similar configuration to that of the lead/silver circuit. The zinc circuit tail of both Plant 1 and 2

then became the pyrite circuit feed. The zinc and pyrite flotation circuits were not part of the scope

of the study. It is also important to mention that during the first surveying campaign; the rougher

circuit of Plant 1 flotation circuit was composed of 4 rougher cells only. Two additional flotation

cells were added prior the start of 2017 surveying campaign.



Figure 65. Minera Saucito flotation circuit.

3.3.2 Surveying campaigns
The surveying campaigns of Minera Saucito Concentrator were conducted to enable a

comparison between hydrocyclones and screens, thus measuring the impact of the size separation

device on comminution efficiencies and flotation recovery. The surveying work was completed over

a two-year period and involved two site survey campaigns as well as analysis of monthly composited

data collected routinely by site.

In May and June 2016, a comparison between hydrocyclones and screens operating at the

same throughput rate was performed. To do so, two full comminution surveys were completed, using

hydrocyclones as the classifier in the ball mill node of Plant 1, and 75 µm aperture screens in the ball

mill node of Plant 2. Additionally, monthly composites samples of the flotation lead/silver circuit

collected over a nine-month period were analysed to map the potential variability in flotation

performance when operating with screens or hydrocyclones. It is important to stress that the first

assessment of the screening operation was completed when the comminution circuit was operating

with a highly diluted ball mill feed of 55% solids by weight, which is lower than other operations.

In April 2017, the survey campaign objective was to gain an understanding of the impact of

screening on comminution energy performance, classification efficiency, liberation and flotation

recovery by operating the screens at several levels of throughput and ball milling density. To achieve

this, a set of six full comminution surveys were completed in collaboration with Minera Saucito

operating personnel. Three surveys of Plant 1 operated with two different levels of throughput using

75 µm aperture screens, as well as an additional survey using 100 µm aperture screens were



conducted. Three additional surveys of Plant 2, one using hydrocyclones as the classifier in the ball

mill node, and two screening surveys using 75 µm and 100 µm screens in the ball milling node were

also performed. All the screens surveys were completed at an increased proportion of solids in the

ball mill with respect to the first assessment (64% to 68% of solids). Figure 66 presents a schematic

of the measured configurations and the sampling points. Figure 67 and Figure 68 presents a

comparison of the hydrocyclone and screen footprint, and Figure 69 shows an image of the flotation

circuit.

The outcome of the 2016 and 2017 surveys was the generation of two data sets for

hydrocyclone operation, and six data sets for screening operation. The information regarding energy

consumption in the SAG and Ball mill were obtained from the PI system. The objectives of the

surveys are summarised as follows:

· In 2016, surveys 1 and 2 aimed to compare hydrocyclones and new 75 µm screens while

operating at the same throughput rate. The surveys were conducted using both parallel

circuits (Plant 1 for hydrocyclones and Plant 2 for screens)

· In 2017, Surveys 3 and 4 aimed to compare hydrocyclones and 75 µm screens in the same

comminution circuit (Plant 2)

· Surveys 5 and 6 aimed to compare screens at low and high throughput (Plant 1)

· Surveys 7 and 8 aimed to measure plant performance using new 100 µm screens in Plant

1 and 2.

Figure 66. Sampling points for the different configurations



Figure 67. Footprint of screens in comparison with the Plant 1 SAG and Ball mill hydrocyclone nest’s

Figure 68. Comparison of the footprint of the Plant 2 hydrocyclone nest and screens



Figure 69. Image of the Pb/Ag and Zn flotation circuits at Minera Saucito

The standard SMI-JKMRC survey method was followed prior to each survey. First, an

assessment of the potential sampling points was completed. Once sampling points were determined,

the required buckets and lids were weighed, marked and tagged. All the sample containers for the

surveys were prepared prior to the survey. Minera Saucito operating personnel provided support to

stabilize the circuit prior to each survey. Once stability was reached, two samples (A and B) were

collected from each sampling point in  the comminution circuit at 15 minutes intervals over one hour.

Additionally, samples of the flotation feed, concentrate and tailings were collected during the 2017

surveys. Each sample cut was stored in its corresponding bucket.

In the case of the screen undersize, a cup sample cutter was used to collect the sample (Figure

70). After finishing all the sample cuts, one individual hydrocyclone feed sample was collected from

a valve already installed by Minera Saucito crew (Figure 71). The hydrocyclone feed sampling points

were not ideal; however, the samples were collected from these sampling points due to the inability

to blind one hydrocyclone, since all the hydrocyclones operated at the same time. The rest of the

samples were easy to access and collect. At the end of the survey, the buckets sealed with lids were



transported to the metallurgical laboratory for sample processing. A belt cut sample was also obtained

from the SAG feed and sized by hand (Figure 72). All safety procedures were followed during each

surveying campaign.

Figure 70. Screen undersize sampling point.

Figure 71. SAG and Ball mill hydrocyclone feed sampling points.



Figure 72. SAG Mill belt cut sizing.

For the first surveying campaign, all the samples were processed while on site, following the

steps presented in Figure 61 and Figure 62. The SAG feed was first sized by hand to measure the

coarser size fraction. The remainder of the SAG feed sample was sized following the same procedure

than the other samples.

The monthly composited samples were collected using an autosampler. This sample is part of

the daily routine of Minera Saucito operational personnel. The samples were wet sieved using a 38

µm screen. The +38 µm size fraction was sieved using √2 series sieves. The -38 µm produced during

dry sieving was combined with the -38 µm generated in the wet sieving stage, and cyclosized. All the

size fractions of the monthly composited samples and some selected streams of the comminution

circuit (ball mill hydrocyclone OF, UF, and Feed; Screen OS, US and feed) were assayed in the

Peñoles Research Centre laboratory.

  For the second surveying campaign, the sample preparation was started at Minera Saucito.

However, due to time constraints, processed and unprocessed samples were stored, packed and sent

to SMI-JKMRC to finish sample preparation. The sample processing included wet weighing,

filtering, drying, and dry weighing, to calculate each stream’s percentage of solids. The same

procedure as presented earlier for Cadia (Figure 61 and Figure 62). All the size fractions of samples

taken from around the ball mill classifier and the flotation concentrate and tails of the Plant 2 2017

surveys were assayed in the Peñoles Research Centre laboratory. All the data was used to determine

the particle size distribution and the elemental size distribution of the valuable minerals of each

stream sampled and assayed. Mass balancing of the data was completed using JKSimMet.



Once the data analysis was completed, the influence of hydrocyclones and screens on

comminution and flotation was established in terms of: throughput, size specific energy, classification

efficiency, preferential breakage, flotation feed P80 and particle size distribution, overall lead and

silver recovery, and lead and silver recovery by size. This information will be presented and discussed

in Chapter 5.

3.3.3 Mineral Liberation Analysis of selected samples
To explore the degree of mineral liberation generated when using hydrocyclones or screens,

additional samples were collected for Mineral Liberation Analysis (MLA) during the two surveying

campaigns performed when operating with hydrocyclones and screens.

During the first surveying campaign (2016), samples of the hydrocyclone overflow and the

screen undersize within the ball milling node were collected. The sampling points are represented as

a blue circle on the comminution circuit flowsheet (Figure 73). These streams comprise 85% of the

flotation feed, with the other 15% being from the hydrocyclone after SAG milling which should be

exhibiting similar characteristics between surveys. This batch of samples were processed and

analysed with MLA in the Research Centre of Peñoles group, located in Torreón, México. These

samples were wet sieved and sized down to 53 µm. The minus 53 µm size fraction was then classified

using a cyclosizer. Subsamples of all size fractions were assayed for lead and the following size

fractions were grouped and sent to MLA: +53 µm, -53 µm + C2, -C2 +C4, -C4 +C5.

A second set of samples were collected during the 2017 surveying campaign, sampling the

same streams as in 2016 (Figure 73), but this time flotation concentrates and tailings (represented as

red circles in Figure 73) of the silver/lead circuit were also included. The samples were sent to SMI-

JKMRC for processing. Subsamples of all size fractions were assayed for lead. For the classifier

products the following size fractions were grouped and sent to MLA: +850  µm, -850  µm +425  µm,

-425 µm +212  µm, -212  µm +106  µm, -106  µm + 75  µm, -75  µm +53  µm, -53 µm + 38 µm, -

38  µm. In the case of the circuit tailings, the analysed size fractions for both the hydrocyclone and

screen surveys were: -425 µm +212 µm, -212  µm +106  µm, -106  µm + 75  µm, -75  µm +53  µm,

-53 µm + 38 µm, -38  µm. For the circuit concentrate when screens were used in the circuit, the

analysed size fractions were: +106  µm, -106  µm + 75  µm, -75  µm +53  µm, -53 µm + 38 µm, -

38  µm; whereas for the circuit concentrate collected during the hydrocyclone surveys the following

size fractions were analysed: +53  µm, -53 µm + 38 µm, -38  µm.



Figure 73. Sampling points selected for Mineral Liberation Analysis.

To assess the statistical significance of the measured cumulative liberation data, 95%

confidence intervals were calculated using the following model (Leigh et al., 1993):

 ( ) ≈ 1.12 (1 − )
1

+
1

   ( . 24)

Where y = cumulative liberation expressed as a fraction (0 ≤ y ≤ 1) at composition C

N0 = Total number of locked particles with composition less than C

N1 = Total number of particles with composition more than C.



3.3.4 Flotation program experimental design, sample collection, and

preparation
Considering the results presented in Chapter 5, a flotation laboratory program was designed

with the objective of determining the dominant mechanisms responsible for the changes in observed

flotation recovery was dominant. For each test, flotation samples were collected from the flotation

feed prior to reagent addition. The flotation program included a series of batch flotation tests,

completed in accordance with a two-level factorial experimental design, in which the following four

factors were varied:

· reagent dosage

· % solids in the cell as a proxy for density/viscosity

· proportion of -38 µm particles in the flotation system

· the classifier used in the comminution circuit.

Sixteen batch flotation tests were conducted on site: eight for each classifier at varying

conditions. Table 3 presents the codes for the evaluated parameters, and the value of the level of each

factor of the experimental design. Note that because a constant volume of reagent was added to every

test (regardless of percent solids), the reagent on a grams/tonne basis varied.  The reagent added to

the test performed at baseline conditions (not modified size distribution, normal reagent, 30% solids)

was similar, on a g/tonne basis, to that used in the plant.

Table 3. Variables considered in the flotation program

Before each series of tests, individual slurry samples for four flotation tests were collected

directly from the flotation feed. Once the four tests were completed, another batch of individual slurry

samples were collected. This procedure was followed to minimise sample aging and to minimise the

space occupied in the plant laboratory during the experimental program. Note that samples for the

hydrocyclone test were collected from the feed to Plant 2 when operating with hydrocyclones.

Samples from the screen tests were collected from Plant 1 when operating with screens.

Code
Factor -1 1

A: Reagent Dossage, ml 3.5 7
B: % Solids 30 60

C: Scalping -38 µm No Yes

Factor 1 2
D: Classifier Cyclones Screens

Level



To perform the tests at 30% solids (not modified size distribution), the percent solids of the

flotation feed was measured with a Marcy scale and used to calculate the volume of sample required

such that when added to the laboratory flotation cell it achieved 30% solids in the pulp (after addition

of process water).  In those tests performed at 60% solids, twice the volume of sample was collected.

As this volume exceeded the volume of the cell, cell contents were left to settle, and a volume of

water was removed by a syphon.

To perform the tests in which the - 38 µm material was scalped and removed, a calibration

sample was first collected (Figure 74), wet weighed, wet sieved with a 38 µm sieve, filtered, dried

and weighed again. Using the measured weights, the proportion of + 38 µm and - 38 µm in the sample

was calculated.  Using this estimate, the volume of pulp collected for the test was calculated to achieve

the desired percentage of solids once the - 38 µm fraction was discarded. This volume of sample was

then collected from the process, returned to the laboratory, wet sieved, with the + 38 µm material

only added into the laboratory flotation cell.  Process water was then used to fill the cell volume.

Figure 74. Calibration sample used to determine the proportion of - 38 µm to be removed prior to the scalped flotation tests

3.3.5. Flotation tests experimental method, and laboratory equipment used
The laboratory flotation experiments were performed using an FLSmidth Essa® FTM 100

laboratory machine (Figure 75). The impeller in this machine is top driven. The cell is built with the

ability to control air rate and impeller speed. The tests were conducted in a five-litre cell; at 800 rpm

and a constant air addition of 15 l/min.



Figure 75. Flotation cell used to complete the flotation program

Timed concentrates were collected from zero to 0.5, 0.5 to 1.0, 1.0 to 3.0 and 3.0 to 6.0

minutes. The reagents used were identical to those added within the industrial flotation circuit. The

volume of reagent was calculated such that under baseline conditions (plant percent solids) it would

match the addition on a g/tonne basis performed in the plant. Cytec's Aero 7310 and Aerophine 3418A

were added to the flotation feed at the baseline rate of 20 g/tonne; and potassium isobutyl xanthate

(XIP) was added after 3 minutes of flotation at 5g/tonne. Process water dosed with MIBC was used

to fill up the flotation cell, and to maintain a constant froth level of 3 cm during the test. Froth was

removed every 10 seconds from the batch cell using a scraper throughout the experiment.

At the completion of each test, concentrates and tailings were weighed wet, filtered, oven

dried, and weighed dry (Figure 76). The concentrates were then combined in the appropriate ratio,

split and wet sieved and sized down to 38 µm and then assayed for lead. This information was used

to estimate the overall recovery and the recovery by size of lead for every test.

Figure 76. Dry concentrate samples generated during the laboratory flotation program.



3.4 Classification efficiency and Circulating Load
Obtaining an accurate representation of the classifier performance was crucial for the

research. Because of this, the classification efficiency was represented using two methods: partition

curves, as well as an estimation of a classification efficiency index. This decision was because no

indices of efficiency can give a complete picture of the classification efficiency. Partition curves were

fitted to the experimental size distribution data using the JKSimMet software package, which uses

Whiten’s expression for the corrected efficiency curve to underflow:

= 1 −
− 1

+ − 2
  ( . 11 )

In which α is the separation sharpness parameter, C is the fraction of feed water reporting to

the overflow, d is the passing screen size (mm) and d50c is the corrected cut size (mm), or size at

which the separation efficiency is equal to C/2 (Napier-Munn, Morrell et al. 1996). The classification

efficiency index was also estimated using the equation:

Where E is the classification efficiency; c, b, and d are the amount of final product in classifier

feed, coarse and fine product respectively, at a given marker size. However, the classification

efficiency index will be used with caution because it can be misleading as its calculated value varies

depending on the chosen marker size, as shown in Figure 77.

=
( − )
( − )

100 ( . 14)



Figure 77. The implications of the marker size for the classification efficiency index.

However, the classification efficiency index was used in this research study because it depicts

the operational results as a correlation between circulating load and classification efficiency. In the

case of the data analysed in Chapter 4, the marker size selected is the cumulative percentage passing

at 150 µm; whereas for data included in Chapter 5, the marker size selected was the cumulative

percentage passing at 53 µm. The selected size reflecting the desired product size for the different

applications.

The circulating load was also calculated using two methods: one was dividing the coarse

stream mass flow by the fine stream mass flow; the second method involved the use of parameters

associated with  the particle size distributions, according to following formula:

Where C is the circulating load; c, b, and d, are the amount of final product in classifier feed,

coarse and fine product respectively, at a given marker size. The selected marker size was not found

to influence the magnitude of the estimated circulating load values.

=
−
−

100 ( . 15)



Finally, a comparison between the circuit operation with hydrocyclones and screens was

established using the ball mill circuit classification system efficiency (CSE %) (Bartholomew et al.,

2018). This method was used as a mean to assess if hydrocyclones or screens allowed for a better use

of the energy available in the ball milling circuit. To calculate the CSE %, a marker size has to be

selected. After this, the next steps must be followed:

1. From the ball mill feed size distribution, calculate the percentage above the marker size,

2. From the ball mill discharge size distribution, calculate the percentage above the marker size

3. Calculate the CSE % as the average  (i.e. value of step 1 plus value of step 2 divided by two)

4. Calculate the percentage of the mill power being wasted by overgrind, (100 - CSE%).



Chapter 4. Results from hydrocyclone

efficiency investigation

4.1 Introduction
This chapter outlines the potential impact of improving hydrocyclone efficiency on

comminution and flotation, in terms of energy and recovery. To establish the case study, it was

necessary to complete two surveying campaigns at Cadia Valley Operation (CVO) Concentrator 3.

The CVO Concentrator 3 had the advantage of a simple comminution circuit arrangement, which was

a ball mill in closed circuit with hydrocyclones, followed by a rougher flotation circuit, without any

recirculating streams. As described in Chapter 2, previous attempts to investigate the benefits of

improving classification efficiency were typically conducted either at laboratory or at a pilot plant

scale, focussing individually on comminution or flotation. Using a full-scale circuit as a case study is

challenging in nature, but it might also be the best way to generate samples to assess the impact of

classification on both comminution and flotation.

As outlined in Chapter 3, two surveying campaigns were completed in the CVO Concentrator

3. One survey campaign targeted the variability between individual hydrocyclones within the

hydrocyclone nest, in terms of classification efficiency. The second survey campaign focussed on

measuring the overall copper recovery, as well as the copper recovery by size over a range of grind

sizes. The hypotheses of this chapter are that an efficient classification stage in the comminution

circuit not only increases throughput and energy efficiency; and that an efficient size separation stage

in the comminution circuit results in the generation of a better grinding product that will improve the

flotation recovery.

4.2 Results

4.2.1 Variability across the hydrocyclone nest
As described in the experimental section, individual samples were collected across the

hydrocyclone nest to map the classification efficiency variability. The variability across the



hydrocyclone nest was reflected in each hydrocyclone OF particle size distribution. Figure 78 and

Figure 79 present the measured particle size distributions, and the copper size distributions of each

individual hydrocyclone, respectively.

Figure 78. Hydrocyclone overflow overall mass particle size distribution
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Figure 79. Hydrocyclone overflow copper particle size distribution

From the Figure 78 and Figure 79, it should be noted that for the overall mass, the P80 varied

between 106 µm (Cyclone D) and 199 µm (Cyclone B), and the proportion of particles below 20 µm

varied from 20% to 37%. In the case of the copper, the P80 varied between 71 µm (Cyclone D) and

147 µm (Cyclone B), and the proportion of particles below 20 µm varied from 32% to 47%. Since

the copper-bearing particles have a higher density in comparison with the gangue, copper-bearing

particles preferentially report to the hydrocyclone underflow. Therefore, overgrinding or preferential

breakage of copper bearing particles occurred, as shown in Figure 80. Interestingly, the preferential

breakage relationship was consistent across the range of measured P80’s, as reported by other

researchers (Bazin et al., 1994; Runge et al., 2014a). This is an indication that the relative breakage

between the gangue and sulphide minerals is independent of the degree of grinding that occurs. It is

also important to note that 40% of the copper present in the hydrocyclone underflow is already ground

to a size below 150 µm (Figure 81). Ideally, this material should be reporting to the hydrocyclone

overflow. However, due to interaction of the hydraulic forces with copper bearing particles taking

place in the classification process, these particles recirculate back to the mill.
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Figure 80. Hydrocyclone overflow preferential breakage curve

Figure 81. Copper size distribution in hydrocyclone underflow
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Once the full set of particle size distributions were obtained, each hydrocyclone was analysed

individually. Figure 82 presents the classification efficiency curves for each hydrocyclone within the

hydrocyclone nest for the overall mass, and the copper bearing particles. Table 4 presents a summary

of the classification efficiency parameters, the circulating loads and the classification efficiency

indexes (%).

Figure 82. Classification efficiency of individual hydrocyclones in the hydrocyclone nest

Table 4. Classification efficiency parameters of individual hydrocyclones in the hydrocyclone nest

In terms of D50c, it should be noted that hydrocyclones A, C, F and 2004 achieved similar

values, varying between 169 µm to 159 µm. Hydrocyclones B and D produced coarser (183 µm) and

finer (104 µm) cuts, respectively. The sharpness of separation, represented by the alpha values were

in the range of 1.28 to 1.44 for hydrocyclones A, B, C, D, and F. The hydrocyclone 2004 achieved

an alpha value of 1.8. Alpha values higher than 2 indicate a good separation and above 4 excellent
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separation for hydrocyclones (Napier-Munn et al., 1996), however, all the hydrocyclones measured

were far from this value. Variability in the alpha value is likely to affect both overflow and underflow

streams. When the alpha value increases and the cut size is similar or constant, the OF product should

become finer and steeper; while the UF product becomes coarser (Heiskanen, 1993). Figure 83

presents the comparison of hydrocyclones C and 2004, showing that as alpha increases the

hydrocyclone 2004 OF product became finer and steeper, when compared to OF C. However,

hydrocyclone UF 2004 did not become coarser, which might be caused by the poor water split %

which was 50% and 63% for hydrocyclones 2004 and C, respectively.

Figure 83. Effect of alpha value on hydrocyclone separation performance when hydrocyclone C alpha = 1.29 and

hydrocyclone 2004 alpha = 1.86

The water split varied in the range of 50% to 64% with an average value of 63%. A reduction

of the value of water split (%) to the hydrocyclone OF reduces circuit capacity while increasing the

circulating load (Heiskanen, 1993). A reduction in circulating load from 333% to 285% was observed

when comparing the hydrocyclones A and C, which had similar d50c and alpha values, but

hydrocyclone C achieved a better value of water split (%). The water split (%) variations are not

expected to affect the fineness of the product directly, but the reduction of circulating load is expected

to also reduce the misplacement of already ground particles to the hydrocyclone UF (Heiskanen,

1993), as shown in Figure 84.



Figure 84. The effect of water split % on hydrocyclones A and C when hydrocyclone A water split % = 55% and

hydrocyclone C water split % = 63%

 The effect of classifier cut size was also explored in the data. The classifier cut size is the

most important parameter in classification (Heiskanen, 1993). If the cut size is modified by varying

hydrocyclone design variables, both alpha and efficiency will remain unaltered (Lynch et al., 1974).

If the cut size is modified by varying the circuit operation, i.e. increasing throughput without

optimising the hydrocyclone operation parameters, both alpha and efficiency will vary as well

(Heiskanen, 1993), thus changes in circulating load are expected.

The resulting product fineness is a result of the cut size, as shown in Figure 85. The

hydrocyclone B OF product became coarser than that of the hydrocyclone D OF. The UF of the

hydrocyclone B seems to follow the same direction of the change, with respect to hydrocyclone D.

When comparing the circulating load of hydrocyclones B (373%) and D (556%), it should be noticed

that the circulating load increased when the cut size was reduced, as expected. Another potential

source of variation might be related with the fact that each individual hydrocyclone might be

receiving a different feed, however, there was no way to isolate and sample individual hydrocyclone

feed’s.



Figure 85. The effect of changing the cut size of hydrocyclones B and D when hydrocyclone B cut size = 185 µm and

hydrocyclone D cut size = 105 µm.

The measured data indicated that even when the hydrocyclones were similar, variations in

classification performance across the hydrocyclone nest occurred. The circulating load and the

classification efficiency index were analysed following a similar approach to that of Jankovic et al.

(2013), as shown in Figure 86. The data showed the hydrocyclone nest of the CVO Concentrator 3 is

recirculating at least 30% to 40% of particles finer than 150 µm back to the mill.

Figure 86. The effect of classification efficiency on circulating load, redrawn after Jankovic et. al, 2013



These already ground particles are occupying space within the ball mill. Ideally, the energy

used in the breakage process should be spent on those particles that require further breakage to

promote size reduction and liberation of the valuable minerals. Instead, given the separation principle

of the hydrocyclone and its limits, a proportion of the energy available will always be spent on already

ground particles, therefore, reducing the energy efficiency of the process. Potentially, reducing the

variability of the hydrocyclone nest (making all the hydrocyclones to operate as equal as possible)

could improve the energy use, and the final recovery obtained in the flotation circuit. This possibility

is explored in section 4.3.5 of this chapter.

4.2.2 Rougher circuit survey
As indicated in Chapter 3, survey campaigns were conducted across the CVO Concentrator 3

rougher and samples of the flotation feed, rougher concentrate and tails were collected. Ten datasets

were selected to evaluate the copper recovery by size. The measured particle size distributions for the

overall mass and the copper of the flotation feed are presented in Figure 87 and Figure 88.

Figure 87. Flotation Feed overall mass particle size distribution during the rougher surveys.
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Figure 88. Flotation feed Copper particle size distribution during the rougher surveys.

The preferential breakage curve for the flotation feed is presented in Figure 89, where the

presence of a constant relationship between the overall mass and the copper distribution should be

noted. Again, this relationship is independent of the P80 of the flotation feed. The data is similar to

that shown in Figure 80 from the previous section.

Figure 89. Preferential breakage curve for the flotation feed measured during the rougher surveys
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Using the flotation feed, concentrate and tails data, the final recovery and recovery by size

curves were calculated. Figure 90 presents the final recovery measured for the ten datasets. It should

be noted that there are significant differences in the final recovery achieved in each survey. The

difference in recovery between the best and worst measured value is of the order of 8%. The size by

recovery curves were calculated to investigate the potential drivers behind the observed differences

in recovery. The recovery by size curve of each survey is shown in Figure 91. It should be noted that

the profile of the recovery by size curve is consistent across all the surveys. This is a strong

observation, since the dataset represents a range of P80’s of the order of 100 µm, as well as different

operational conditions in between each survey.  From the recovery by size curve, it should be noted

that a good recovery performance is achieved for particles finer than 53 µm. A significant drop in

recovery occurs for coarser particles, this is true regardless of the P80 of the flotation feed.

Interestingly, the size by recovery curve did not show a drop in the recovery of particles finer than

20 µm. Sizing below 20 µm is required to identify the expected drop in the recovery of the finer size

classes.

Figure 90. Overall rougher copper recoveries

74

76

78

80

82

84

86

88

90

1 2 3 4 5 6 7 8 9 10

Cu
 R

ec
ov

er
y, 

%

Surveys



Figure 91. Recovery by size curve of T3 Rougher concentrator. The average is indicated as a red line

A comparison between the measured CVO Concentrator 3 recovery by size curve with other

operations reported by Batterman (2005) is presented in Figure 92.

Figure 92. Comparison of the recovery by size curve of Cadia against several operations (after Batterman, 2005).
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 Interestingly, the CVO Concentrator 3 recovery by size curve was found to be significantly

lower in the coarse size fractions with respect to the previously reported data (Batterman, 2005).

Several researchers have reported that low recovery of coarse particles can be a consequence of poor

liberation properties, since flotation improves with particle liberation (Sutherland and Gottlieb,

1991), unliberated particles are less likely to be recovered by flotation. This may be the cause of the

low coarse particle recovery observed in the Cadia data.

A reagent starvation of the coarse copper bearing particles due to the presence of high

proportion of ultrafine particles in flotation feed cannot be disregarded. Because of their high surface

to mass ratio, ultrafine particles might be consuming a disproportionate amount of the added reagent,

thus leaving insufficient reagent for the coarser particles (Crawford and Ralston, 1988).

In addition, high viscosity generated by a high proportion of ultra-fine particles in the flotation

feed could be another potential driver of the low coarse particle recovery, since high pulp viscosities

may provide greater friction thus promoting detachment within the turbulence zone of the flotation

cell. Coarse particles are more susceptible to detachment than the fines because of their greater mass

(Cruz et al., 2013; Shabalala et al., 2011; Zhang and Peng, 2015).

No measurements of any of the above-mentioned factors were considered in this case study.

The data was analysed using a linear regression method to map the potential influence of the ultrafine

particles on coarse particle recovery (Runge et al., 2014a), the results of which are presented in the

next section.

4.2.3. The influence of the presence of ultra-fines on coarse particle recovery
The influence of the ultra-fines in coarse particle recovery was explored using linear

regression analysis (Runge et al., 2014a). This method can be used as a proxy to identify potential

reagent starvation or viscosity effects being caused by the presence of ultrafine particles. The

proportion of ultrafine copper was plotted against the copper recovery of the coarser size fractions

(Figure 93). Ultrafine copper was defined as that less than 20 µm in size which in this dataset varied

between 42% and 49%.  A negative slope of the correlation between the ultra-fines proportions and

a given size fraction indicates a negative impact on coarse particle recovery.



Figure 93. Influence of copper ultra-fines on coarse copper recovery.

As shown in Figure 93, the influence of copper ultra-fines on coarse particle recovery can be

considered small or non-existent. The recovery of copper in the +212 µm – 300 µm size fraction was

the only size fraction that exhibited a negative correlation with the proportion of copper ultra-fines in

the flotation feed. However, this is largely driven by one data point and the contribution of this size

fraction to the final recovery varies from only 0.2% to 1.6%. Therefore, this limited analysis does not

show evidence of potential reagent starvation of the coarse particles or detachment due to viscosity

effects caused by the presence of ultrafine copper. The influence of liberation of the particles coarser

than 53 µm cannot be disregarded.

4.2.4 The influence of the degree of fineness on copper recovery
With the aim of finding a driver of the observed changes in recovery, the degree of fineness,

expressed as P80 had to be explored. The assessment was completed by exploring the effect of the

throughput on flotation recovery, and on flotation feed P80. The effect of the gradient of the size

distribution for both the overall mass and the copper mineral distribution (expressed as copper assay)

on recovery, was found to be not relevant for this particular case study, since it does not explain the

observed differences in recovery, as shown in Figure 94 and Figure 95.
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Figure 94. Effect of the cumulative mass percentage-passing gradient on copper recovery.

Figure 95. Effect of the cumulative copper % passing gradient on copper recovery.

The configuration of CVO Concentrator 3 does not allow a direct measurement of the mass

flow rate through the circuit. Instead, the thickener tonnes are used as a proxy of the throughput

processed. The influence of throughput on copper recovery is shown in Figure 96. The recovery was

found to decrease as throughput increased. This result is consistent with previous reports (Runge et
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al., 2014a). The question to be answered, however, is what the underlying cause of increased

throughput on recovery is. Has it reduced circuit flotation residence time and thus recoveries or is the

cause due to changes with fineness in the flotation feed size distribution. Note that any effect due to

a change in feed size gradient has already been discounted.

The influence of throughput on flotation feed P80 is shown in Figure 97. In this case, the

correlation suggests that when increasing throughput, the flotation feed generated is coarser. Finally,

the influence of P80 on copper recovery is shown in Figure 98. It should be noted that this is the

strongest correlation found in the data analysis. This is explained by the constant profile of the

recovery by size curve, which remained constant over a P80’s range of 100 µm. In this case, the gains

or losses on recovery are entirely driven by the degree of fineness of the particle size distribution of

the flotation feed. Therefore, the reduction in flotation residence time with throughput are not thought

to be the primary driver.

Figure 96. Influence of throughput on copper recovery.
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Figure 97. Influence of throughput in flotation feed P80.

Figure 98. Influence of the degree of fineness on copper recovery.

Another valuable observation from the analysis is that it indicates that copper recovery drops

by 1-1.5% per every 10 microns of increase in the P80 of the flotation feed. This is consistent with the
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value previously reported by Runge for other copper concentrators around the world (Runge et al.,

2014a; Runge et al., 2014b).

4.2.5 Simulating the potential effect of classification efficiency on energy

efficiency and flotation recovery
In order to generate an understanding of the potential benefits of improving the classification

efficiency by reducing the variability of the hydrocyclone nest, a combination of JKSimMet

comminution modelling and the Bazin technique (Runge et al., 2014a) was employed. The aim was

to develop relationships between classification efficiency, grinding and their effect in flotation.  The

ball mill model was set up using a dataset representative of the CVO Concentrator 3 (Yahyaei et al.,

2014). To integrate both comminution and flotation data the following assumptions were made:

· the breakage rates did not change across the simulated scenarios (Figure 99)

· the preferential breakage was constant

· the recovery by size curve was constant for the system

The breakage rates were assumed constant to simplify the analysis of the comminution circuit.

The recovery by size was assumed constant based on both literature and the measured data presented

in section 4.3.2. The classifier performance was modelled using the classification efficiency curve

model. These assumptions aimed to isolate the effect of classification efficiency for the assessment

of both comminution and flotation performance.

Figure 99. Breakage rate of the CVO Concentrator 3, 2013 ball mill model, refitted after Yahyaei et. al (2014)

The Size Specific Energy (SSE) method was used to map the changes in energy performance

across the comminution circuit. Throughput increases of 5% and 10% were considered. It is important



to mention that the throughput values evaluated were within the ranges of the current operation of the

CVO Concentrator 3. After generating the flotation feed in all the simulations scenarios, the recovery

by size data was then used to predict the final recovery of the rougher circuit. The Bazin technique

was used to estimate the elemental size distribution predicted by the comminution model to enable

this calculation to occur (Bazin et al., 1994; Runge et al., 2014a; Runge et al., 2014b; Sosa-Blanco et

al., 1999).

Finally, an estimation of a potential revenue was completed. The throughput, copper feed

grade, final flotation recovery, and 2017 copper prices were considered in the revenue estimation. It

is important to note that the economic assessment was completed to highlight the area of opportunity

that improving classification efficiency can bring to a given operation. However, the economic

assessment does not consider any potential investment or capital expenditure required to reach any

of the simulated scenarios. A schematic of the exercise is presented in Figure 100.

Figure 100. Schematic of the method followed to investigate the effect of classification efficiency on recovery

Twenty-seven simulations were completed. The simulated conditions are shown in Table 5.

Given that modifying d50c alone can create high changes on circulating load, it was decided to

assume the average value of 0.156 mm as constant. Alpha values used were the minimum, maximum

and average values measured during the survey, being 1.28, 1.86 and 1.43 respectively. The water

split % values were the minimum, maximum and average values measured during the survey, being



49%, 63% and 55%, respectively. The full summary of the simulations is included in the appendix

section.

Table 5. Simulation parameters

In general, the results were in accordance to the surveyed hydrocyclones (Figure 101). Three

main trends were identified when reviewing the data. The first one being that when the water split

(%) is improved while fixing alpha and d50c; the circulating load reduced its value by 100% (from

415% to 303%), while the classification efficiency index (%) improved by 12% (from 40% to 52%)

(Figure 102). This result is consistent with previously reported behaviours (Heiskanen, 1993).

When the throughput increased 10% at fixed d50c, water split % and alpha, the circulating

load increased by 31% in average (from 332% to 364%), while the classification efficiency index (%)

remain unchanged (52% for the base case, 5%, and 10% throughput increase) (Figure 102).

When the alpha was improved at a fixed water split (%) and d50c (Figure 103), the circulating

load increased by 10% to 38% (from 415% to 453%), while the classification efficiency index (%)

marginally improved by 0.9% (from 39.9% to 40.8%). This outcome was not expected, since in

theory, an improvement in the alpha value should reduce the circulating load, but not in a similar

TPH Increase Simulation No. d50c(mm) Alpha Water Split, %
1 0.156 1.28 49.00
2 0.156 1.28 55.00
3 0.156 1.28 63.00
4 0.156 1.43 49.00
5 0.156 1.43 55.00
6 0.156 1.43 63.00
7 0.156 1.86 49.00
8 0.156 1.86 55.00
9 0.156 1.86 63.00

10 0.156 1.28 49.00
11 0.156 1.28 55.00
12 0.156 1.28 63.00
13 0.156 1.43 49.00
14 0.156 1.43 55.00
15 0.156 1.43 63.00
16 0.156 1.86 49.00
17 0.156 1.86 55.00
18 0.156 1.86 63.00
19 0.156 1.28 49.00
20 0.156 1.28 55.00
21 0.156 1.28 63.00
22 0.156 1.43 49.00
23 0.156 1.43 55.00
24 0.156 1.43 63.00
25 0.156 1.86 49.00
26 0.156 1.86 55.00
27 0.156 1.86 63.00

Base Case

5%

10%



magnitude to that of an improvement in water split (%) (Heiskanen, 1993). However, it is also worth

mentioning that in a real process, the three factors modified in the simulation exercise constantly

interact with each other. Therefore, fixing one factor as a constant might not be realistic. The

improvement in the alpha value increased the volumetric flow of the hydrocyclone UF stream, which

in combination with a fixed d50c value created the observed increase in circulating load.

Figure 101. Simulation results compared with surveyed data.

Figure 102. Results when the d50c and alpha are fixed, when varying water split % and throughput.



Figure 103. Effect of alpha when fixed d50c and water split %

The resulting particle size distributions were also analysed by isolating the individual effect

of alpha, water split (%) and throughput increase. When alpha was improved at fixed d50c and water

split (%), the hydrocyclone OF became finer and steeper while the hydrocyclone UF became coarser,

as shown in Figure 104. This trend, observed across all similar simulations, indicated that the

simulations delivered a logical response for alpha (Heiskanen, 1993).

Figure 104. Coarse classifier product, when variating alpha parameter at fixed d50c and water split percentage when alpha =

1.28 (Simulation 1), alpha = 1.43 (Simulation 4), and alpha = 1.86 (Simulation 7).



As mentioned in section 4.3.1, changes in water split (%) are not expected to affect the

fineness of the product directly, however, given that the improvement in water split (%) reduced the

circulating load, it was also expected to notice a reduction of the misplacement of already ground

particles to the hydrocyclone UF, as shown in Figure 105. Again, this trend, observed across all

similar simulations, indicated that the exercise delivered a logical response for water split (%)

(Heiskanen, 1993).

Figure 105. Coarse classifier product, when variating water split percentage at fixed d50c and alpha values when water split

% = 49% (Simulation 1), water split % = 55% (Simulation 2), and water split % = 63% (Simulation 3).

The data also indicated that when the throughput was increased at fixed classification

efficiency conditions (fixed d50c, alpha, and water split (%)), the circulating load increased due to

throughput only, and both the hydrocyclone OF and UF became coarser (Figure 106), which is

consistent with other researchers observations (Morrell, 2008).



Figure 106. Changes in the particle size distribution due to throughput increase at fixed classifier efficiency when cut size =

0.156 mm, alpha = 1.86, and water split % = 63%; tph = base case (Simulation 8), tph = 5% increase (Simulation 17), and tph

= 10% increase (Simulation 26).

Based on the previous analysis and considering the constraints of the comminution model, the

obtained particle size distributions were considered sufficiently accurate to investigate the effect of

the simulated changes in classification performance on both energy and flotation.

The effect of the classification efficiency on energy performance of the base case scenario is

shown in Figure 107 and Figure 108. Within the boundary conditions of the results, improving the

water split percentage did not reduce the SSE intensity.

Whereas increasing the alpha parameter led to a reduction of the SSE75 from 33.9 to 32.9,

which represents a reduction of 3.11% in the SSE intensity curve. If valid, this energy reduction might

be related with the fact that a coarser product is being feed to the ball mill when the alpha value is

improved, reducing the energy expenditure on already ground particles.



Figure 107. The effect of water split percentage on the size specific energy intensity value, evaluated at fixed throughput, d50c

and alpha.

Figure 108. The effect of alpha on the size specific energy intensity value, evaluated at fixed throughput, d50c and water split

percentage.

Finally, the particle size distributions obtained from the comminution model were used to

estimate the potential benefits of improving the classifier performance on recovery, using the Bazin

technique (Bazin et al., 1994; Runge et al., 2014a). The results were consistent with the survey data,

as shown in Figure 109. Figure 110 presents the recovery as a function of throughput. It should be

noted that as the throughput increased, the recovery decreased, which is expected. This occurred

because the recovery has a strong dependency on the coarseness of the grind. When the throughput
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increased, and the classifier performance was fixed, the flotation feed P80 increased, and

consequently, a drop-in recovery occurred.

Figure 109. Comparison of measured and simulated recovery.

Figure 110. Potential impact of classification efficiency on throughput and recovery, when increasing alpha at fixed d50c and

water split (%).
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However, when the classification efficiency was improved, the comminution circuit generated

a finer product, allowing for an increase in throughput while achieving higher copper recoveries. The

impact of the evaluated scenarios in revenue generation was assessed by considering a feed grade of

0.25% of copper at a price of 3.07 USD/lb. The impact of recovery and throughput on revenue are

presented in Figure 111 and Figure 112. The revenue was estimated considering the throughput of

the circuit and the copper recovery.

Figure 111. Potential revenue generation as a function of recovery, when increasing alpha at fixed d50c and water split (%).

The highest increases in revenue are linked with the lowest recovery scenarios (Figure 111).

This is because throughput is the main driver behind the revenue increase, as shown in Figure 112.

However, it should be noted that as the classification efficiency improved, the revenue generation

increased at all throughput levels. This trend depicts the area of opportunity that classification

efficiency represents for an operation. The maximum revenue increase due to throughput was 7.3%.

However, improving classification efficiency increased the maximum revenue to 9.0%. In

conclusion, improvements on classification efficiency can potentially allow increasing throughput

while improving recovery performance at the same time, leading to increases in the final revenue of

the system.



Figure 112. Potential influence of classification efficiency on revenue generation, when increasing alpha at fixed d50c and

water split (%).

4.3 Discussion
The analysis of the classification efficiency and its implication for mineral preparation and

flotation performance was completed at CVO Concentrator 3, by conducting surveys across the

hydrocyclone nest and the flotation circuit.  The classification efficiency within the hydrocyclone

nest exhibited slight variations across the surveyed hydrocyclones. These results were closely related

with the maintenance approach followed by CVO operation. In this case, hydrocyclones were

periodically replaced with new or refurbished units with the aim of minimising the downtime.

However, it was found that this maintenance approach provoked variability within the hydrocyclone

nest. The analysed data indicated that there is room to improve the current classifier performance by

reducing the hydrocyclone nest variability. The average alpha value measured during the survey of

1.43 included values as high as 1.86 and as low as 1.29. In the case of the water split (%), its average

of 55% included values as low as 49% and as high as 63%. The average d50c was 0.156 mm, with

minimum and maximum values of 0.105 mm and 0.185 mm, respectively. When analysing each

measured hydrocyclone, differences in circulating loads, classification efficiency performance

(represented with the classification efficiency curve and the classification efficiency index), and

coarseness of the fine product, were found. There were also differences in the valuable mineral size

distribution calculated using the copper assays.



Even when different particle size distributions were generated in each hydrocyclone, in terms

of coarseness of the overflow product, the preferential breakage curve was found to exhibit a constant

behaviour. This was also true for the flotation feed samples collected during the flotation survey. This

indicates that the relative breakage between the gangue and sulphide minerals is independent of the

degree of grinding that occurs in the comminution circuit, or the classification efficiency achieved in

the hydrocyclone nest. It is largely due to the classification with hydrocyclones being influenced by

the different density of the mineral components.

Additionally, ten datasets of flotation surveys across the rougher circuit were analysed. The

data demonstrated that the recovery by size curve profile was constant. This was found to be true over

a broad range of flotation feed coarseness and P80’s. This trend was consistent with previously

reported observations (Bazin et al., 1994; Runge et al., 2014a; Trahar, 1976, 1981). Interestingly, it

was also found that the recovery by size curve exhibited a significant drop at the coarse end, when

compared with other porphyry copper operations. However, the data did not exhibit a drop in the

recovery of particles finer than 20 µm. Since no MLA analysis were completed on these samples, a

poor liberation profile of the valuable copper minerals coarser than 53 microns cannot be discounted.

The reagent starvation effects of ultrafine particles on coarse particles recovery has been reported

(Runge et al., 2014a) as a driver of low coarse particle recovery. However, no evidence of reagent

starvation of coarse particles due to the presence of ultrafine particles was found in the study.

The constant profile of the preferential breakage and the recovery by size curves validated the

use of the Bazin technique to assess the potential variations in recovery when changing the particle

size distribution, by assuming a uniform operation of the hydrocyclone nest, under the limits of the

modelled data.

The influence of classification efficiency on recovery was assessed using a set of

comminution simulations varying the classifier performance. The resulting particle size distributions

of the flotation feed were combined with the measured preferential breakage and average recovery

by size curve, following the Bazin technique. From the simulation exercise, it was found that

improving classification efficiency improved energy performance, which consequently allowed for a

throughput increase. The potential energy improvement was primarily related to an increase in the

sharpness parameter (alpha value).

It is known that increasing throughput is usually conducted at the expense of flotation

recovery. However, and under the limits of the model constrains, the data indicated that improving



classifier efficiency allowed for the same throughput increase, without compromising, to a significant

extent, the copper recovery. Combining throughput increase while maintaining flotation performance

is reflected in potential revenue increases of the order of 1.7%, in comparison with a base case in

which the classifier efficiency remained unmodified.

4.4 Conclusions
Survey and operational data of CVO Concentrator 3 was analysed. The data analysis included

classification efficiency, recovery by size curves and simulations combining a JKSimMet

comminution model previously reported by Yayhaei et al., (2014) and the Bazin technique.

It was observed that variability within the classifier occurred, since individual hydrocyclones

generated different products. This is likely to affect the flotation circuit performance, which exhibited

variations in recovery of the order of 8% between the best and worst recovery measured. In this case,

the link between the comminution and the flotation circuit was represented by the constant

preferential breakage curve, as well as the unchanged recovery by size curve. These two relationships

remained constant over a broad range of P80’s, coarseness of the flotation product, classifier

efficiency, and throughput variations.

Considering the already mentioned constant relationships between comminution and

flotation, the variability of the classifier performance, will lead to significant variations of recovery

due to changes in the coarseness of the flotation feed product.

The analysis also indicated that improving classification efficiency by improving the

sharpness of the separation (alpha), allows for potential improvements of 3.1% in the SSE intensity

curve. A coarser product being recirculated to the ball mill might drive such improvement.

The results are in close agreement to many previous studies, which reported that the recovery

by size curve does not change, independently of the flotation feed P80. In this study, a non-

conventional approach was followed aiming to generate an understanding of the influence of

classification efficiency on comminution and flotation performance.

In conclusion, the first hypothesis, that improving classification efficiency increases

throughput and energy efficiency, but also increases flotation recovery; was found to be true. The

improvement in recovery was driven by an improvement of the sharpness of the separation (alpha

value), rather than the reduction of the water split%. Since the former changes the fineness and

steepness of the flotation product while the latter does not affect the flotation product. There was no



opportunity to experimentally establish the improvement of energy efficiency, but simulation with

the range of measured hydrocyclone efficiencies indicates that this should be the case. Thus, the

improvement of energy efficiency is supported but not yet validated.

The second hypothesis, that an efficient classification stage in comminution circuits results in

the generation of a steeper grinding product that will improve the flotation recovery, was found to be

true under the correct scenario. Under a constant preferential breakage and size by recovery

relationships, a steeper grinding product will increase the recovery, only if it is under the best recovery

region of the recovery by size curve. Generating a steeper size distribution on the low recovery region

is likely to reduce the recovery achieved in the flotation system, since more valuable minerals are to

be allocated in the low recovery region.



Chapter 5. Classification efficiency: a

comparison between hydrocyclones and

screens.
5.1 Introduction
This chapter outlines the effect of classification efficiency on both comminution energy

performance and flotation recovery by using a case study in which hydrocyclones and screens were

compared at an industrial site. The study was developed at Minera Saucito, which is a concentrator

that operates two parallel comminution trains, followed by individual flotation circuits. The

comminution circuits had the capability to operate using hydrocyclones or screens to classify the ball

mill product. As described in Chapter 2, previous attempts to compare hydrocyclones and screens

have been published in recent years, but the studies focused mostly on the comminution circuit, with

brief or non-existent assessment of any downstream benefits.

The results from this case study are analysed using a statistical approach to validate the

observed differences generated when operating with hydrocyclones or screens. The hypotheses tested

in this chapter are that a comminution circuit operating with screens will be more energy efficient, in

comparison with the use of hydrocyclones as the main classifier; and that an efficient classification

stage in the comminution circuit not only increases throughput and energy efficiency, but also

increases the flotation recovery.

5.2 Results

5.2.1 Surveying campaign summary
The Minera Saucito operational philosophy changed after installing screens. Maximising

screening efficiency became a priority. Screening efficiency is highly dependent on pulp density of

the material to be screened (Mwale et al., 2016). In the case of Minera Saucito operation, the dilution

of the screen feed stream came at expense of the dilution of the pulp feeding the ball mill. Due to the

difficulties related with the installation of an additional water supply closer to the screen feed, the

dilution process started from the SAG mill and followed all thorough the comminution circuit.

Additionally, the transport of the screen OS product became an unexpected issue, since the



installation of the pipes did not facilitate the transport of the coarser particles generated in the

classification process. More water was added to force the transport of the coarse, therefore, increasing

the dilution in the ball mill. Initially, 90 µm screens were commissioned, however, due to the flotation

results (see section 5.3.7 of this chapter), the panels were replaced for 75 µm panels (Figure 113)

prior to the beginning of the first survey campaign. Table 6 presents the survey code and the summary

of the eight surveys completed in Minera Saucito.

Table 6. Survey details

From the results, it should be noted that surveys 1 and 2 were completed at a similar

throughput. In the case of survey 1, the percentage of solids in the ball mill node was significantly

lower than that measured in survey 2. This was due to the operational philosophy of Minera Saucito.

Additionally, due to the screen installation arrangement, a high-water feed rate was required to

transport the screen oversize back to the ball mill. Consequently, the ball mill was diluted when

operating with screens (54% solids) in comparison to operating with hydrocyclones (69% solids).

Survey
Plant

Classifier
Month

Year
Stream TPH % Solids TPH % Solids TPH % Solids TPH % Solids TPH % Solids TPH % Solids TPH % Solids TPH % Solids

SAG Feed 165.3 97.0 166.1 97.8 163.0 97.5 180.0 97.4 130.4 98.0 176.7 98.0 168.2 98.0 169.8 97.4
SAG Product 167.3 48.0 168.1 69.5 164.0 71.8 181.4 66.0 131.7 60.7 178.5 70.1 169.9 68.4 170.3 78.5
SAG screen OS 2.0 89.0 2.0 98.1 1.0 98.2 1.4 96.7 1.3 97.9 1.8 97.9 1.7 81.3 0.5 81.3
SAG Screen US 165.3 41.0 166.1 51.6 163.0 68.9 180.0 56.2 130.4 60.3 176.7 68.5 168.2 66.0 169.8 70.3
SAG cyc UF 133.6 60.9 141.2 67.3 125.4 74.5 146.0 73.8 110.3 70.6 146.5 72.0 136.9 74.9 137.9 68.1
SAG cyc OF 31.7 17.1 24.9 22.2 37.6 27.0 33.9 24.5 20.1 20.9 30.2 24.5 31.3 23.2 31.9 23.8
Ball Mill Feed 191.4 54.2 635.9 69.0 388.4 72.8 284.6 64.6 180.3 64.1 232.5 68.0 272.9 67.6 220.0 66.6
Ball Mill Prod 191.4 54.2 635.9 69.0 388.4 72.8 284.6 64.6 180.3 64.1 232.5 68.0 272.9 67.6 220.0 66.6
BM screen OS/cyc UF 57.8 43.3 494.7 70.9 263.0 72.0 138.6 57.1 70.0 56.0 86.0 62.1 135.9 61.5 82.2 64.4
BM screen US/cyc OF 133.6 21.9 141.2 33.3 125.4 33.0 146.0 31.4 110.3 29.9 146.5 32.5 136.9 31.8 137.9 33.7
Flotation Feed 165.3 19.6 166.1 25.8 163.0 31.4 180.0 29.8 130.4 28.0 176.7 30.8 168.2 29.8 169.8 31.2

1
2

Screens
May
2016

August August
Hydrocyclones Screens Screens Screens Screens

June April April April April
2017 2017

1 1 1 12 2 2

2016 2017 2017 2017 2017

ScreensHydrocyclones

7 82 3 4 5 6



Figure 113.75 µm panels used to replace the 90 µm panels in the screens.

The percentage of solids in the ball mill operating with screens have been reported to be close

to 80% (Valine et al., 2009), therefore, the dilution was decreased for the five screen surveys

conducted in 2017. As a result, the density in the ball mill node reached values in the range of 64%

to 67%.  When comparing the hydrocyclone surveys, the results were similar in terms of throughput,

but with variations in the percentage of solids across the ball mill node (69% solids versus 72.8%

solids). Additional ore hardness characterisation was completed on the belt cuts from the surveys 3,

4, and 5-6. The results are shown in Table 7. The Axb value indicated that the ores processed were

not sufficiently different to be of concern in comparing surveys 3-6, but that surveys 1 and 2 had a

slightly softer ore (higher Axb).

Table 7. Axb values for several samples

A more detailed description of the differences observed when operating with hydrocyclones

or screens is presented in the following sections.

Sample A b Axb
Saucito 2016 composite 59.2 1.13 66.9
Survey 3 78.0 0.71 55.4
Survey 4 75.6 0.75 56.7
Survey 5 and 6 61.0 0.95 58.0



5.2.2 The effect of classification efficiency on throughput
As previously mentioned in Chapter 3, Minera Saucito replaced the hydrocyclones with

screens aiming to increase throughput by at least 15% (Estrada Sanchez and Gomez Hernandez,

2015). Plant measured data from 2014 to 2015 (Plant 1) and 2015 to 2016 (Plant 2) (Figure 114) was

analysed to determine whether there was a statistically meaningful change in throughput after the

installation of the screens. A cumulative sum control chart (CUSUM) (Napier-Munn, 2014) was used

to identify the throughput changes, as well as to select the observations which correspond to a stable

operation before and after the installation of the screens (Figure 115). A CUSUM chart is a time-

weighted control chart that displays the cumulative sums of the deviations of each sample value from

the target value. Because it is cumulative, even minor drifting in the process average will lead to

steadily increasing or decreasing cumulative deviation values. A constant slope of the line is an

indication of a period where the operation is stable. A change in the gradient on this chart is an

indication of a change in operational performance.  If the gradient is negative, it means that the

throughput during that period was below the average value, and if positive, it implies that the

throughput during that period was above the average throughput value.

Figure 114. Plant trends before and after installation of screens.

The periods selected to evaluate the difference in throughput when operating with

hydrocyclones or screens are highlighted with the red boxes in Figure 115. The green block highlights

the period when the screens were commissioned. In this analysis, the average values used for the



estimation of the CUSUM charts were 1795 t/shift for Plant 1 and 1729 t/shift for Plant 2. The periods

selected for statistical analysis were:

· Plant 1 operating with hydrocyclones: 22/06/2014 to 09/08/2014; screens: 15/11/2014

to 25/01/2015,

· Plant 2 operating with hydrocyclones: 18/07/2015 to 07/10/2015; screens: 20/03/2016

to 14/06/2016.

The CUSUM chart showed that after commissioning the screens, an increase in the throughput

occurred. The selected observations were evaluated using a z-test to assess whether the change of the

classification device resulted in a statistically verifiable throughput increase. The outcome of the

evaluation was that for both Plant 1 and Plant 2, the difference in throughput is real and significant,

with greater than 95% confidence.

Figure 115. Dataset selected to compare screens or hydrocyclones throughput.



In the case of Plant 1, the average increase in throughput was 24%, with a lower value of 18%

when both 95% confidence intervals are considered. For Plant 2, the throughput increase was

estimated to be 16%, with a lower value of 11%. Combining both circuits indicated that an overall

improvement of 21% in throughput was achieved after the commissioning of the screens. These

values are in close agreement with the 16% improvement in throughput reported by Estrada and

Gomez, 2015 (Estrada Sanchez and Gomez Hernandez, 2015).  Table 8 presents the average

throughput during the period of analysis and the 95% confidence lower and upper levels.

Table 8.  Throughput increase for Plant 1 and Plant 2.

 Therefore, considering the observed periods, it was concluded that the screens enabled a 21%

throughput increase, and it was real in a statistical sense.

5.2.3 Size Specific Energy
The measured particle size distributions across the SAG and ball mill generated during the

surveying campaign was used to complete an energy assessment of the circuit operating with

hydrocyclones or screens. Again, the Size Specific Energy method (SSE) was used to compare the

effect of the classifiers. It is important to note that the standard SSE assessment has traditionally been

conducted at 75 µm. However, the hydrocyclones overflow had more than 90% finer than 75 µm, this

a marker size of 53 µm was selected to benchmark hydrocyclones and screens energy performance.

Mean Value 95% LCL 95% UCL
Hydrocyclones 1557 1497 1618

Screens 1935 1907 1963
Hydrocyclones 1588 1543 1633

Screens 1836 1816 1855

Plant Device Tons/shift

1

2



Table 9. Size specific energy (SSE) calculated using 53 µm as the marker size.

Considering the surveys 1 and 2, the energy intensity of both the SAG and Ball mills increased

when operating with a screen in the ball milling node, from 26.4 kWh/t-53µm to 32.9 kWh/t-53µm for

hydrocyclones and screens, respectively. This was attributed to the high dilution regime used when

operating with screens. Operating under a high-diluted regime results in reduced rheology, thus

reducing the effectiveness of particle capture between grinding balls. Therefore, the increased water

addition rates resulted in a reduction in the grinding efficiency in both the SAG and ball mill when

operating with screens.

After adjusting the rate of water fed to the circuit, the energy intensity measured for the SAG

mill still varied across the surveys. Two potential sources of variation were identified. One being the

non-standardised operation of the SAG mills, since two different teams operate each circuit. During

the mill inspection prior the surveys, it was noticed that the noise produced by the SAG mill were

different between Plant 1 and Plant 2, which could be an indicator of different grinding performance.

And the second one, differences in the SAG mill feed (Figure 116),  which combined with the

different operation practices followed by the teams, potentially generated an increase of the SAG

screen undersize product (Figure 117), which ultimately was reflected in an increase in the transfer

size, which varied its P80 in the range of 1.0 mm to 1.7 mm (Figure 118); and in the SAG hydrocyclone

OF product (Figure 119), in which the proportion of – 38 µm varied from 64% to 80%. This variability

is likely to affect the flotation performance as the SAG hydrocyclone OF is mixed with the ball mill



circuit product to feed flotation. Differences in the ball load, and operating pressures of the

hydrocyclones cannot be ruled out as potential sources of variation.

Figure 116. Fresh feed to the comminution circuit.

Figure 117. SAG screen undersize product, which feed the SAG hydrocyclone.
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Figure 118. SAG hydrocyclone UF (feed to the ball mill circuit)

Figure 119. SAG hydrocyclone OF product.

However, in the ball mill node, the main factors affecting the SSE53 µm intensity were the

percentage of solids in the ball mill (Figure 120) and the coarseness of the feed to the ball mill (Figure

121). The results of the hydrocyclone surveys (surveys 2 and 3) showed an increase in the energy

intensity, from 30.2 kWh/t-53µm to 33.2 kWh/t-53µm. Since the SSE calculation is driven by the

generation of new – 53 µm particles, the difference in particles below the selected marker size
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affected the energy comparison.  The ball mill feed in survey 2, had 24.9% of mass below the marker

size, in comparison with the survey 3, which had 17.5%. It is important to mention that the sample

cutters used to cut the ball mill hydrocyclone samples were modified from survey 2 to survey 3. The

possibility of a biased result for the survey 2 sample cannot be ruled out. In any case, what is true is

that the operation with hydrocyclones recirculated material already below the desired marker size.

This alone implies that the energy available is being spent on already ground particles.

Figure 120. Effect of the percentage of solids on the SSE53 µm

In the case of the screens, increasing the percentage of solids allowed the ball mill to increase

the production of -53 µm particles, increasing from 46.9% to 58.3% with 75 µm panels, and reached

a peak of 61.6% with 100 µm panels. After the percentage of solids in the mill increased, the residence

time of the particles in the ball mill increased, therefore, the probability of breaking the coarse

particles improved, which is ultimately reflected in the -53 µm particles generation.

The adjustment of solids within the mill lead to a reduction of the energy intensity, reducing

from 43.4 kWh/t-53µm to 34.7 kWh/t-53µm µm when using 75 µm panels. This represented an

improvement of 20% in the energy efficiency. A minimum value of 29.7 kWh/t-53µm was measured

when operating with 100 µm panels, which represented a reduction of 31% in the energy intensity.

This improvement was a consequence of the ball mill being fed with coarser particles when screening.

When screening, the separation of particles was based on shape and size, defined by the panel size
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used in the screen, allowed the ball mill to process a coarser distribution of particles, as shown in

Figure 121 and Figure 122, in comparison with hydrocyclones.

When comparing the energy intensity of the ball mill node when operated with hydrocyclones

and screens, the data also showed that under the right operational regime, screening reached similar

energy intensity levels to those of the hydrocyclones. Energy intensities of 30.2 and 29.7 kWh/t-53

µm were the best results measured for hydrocyclones and screens, respectively. The small difference

in the energy intensity represented an improvement of only 1.6%. In any case, more measurements

are required to provide a statistical significance to the observed results. However, even if the final

energy intensity is similar between hydrocyclones or screens, it is true that screening allowed a better

use of the energy available for ball milling, since the energy was being used to grind a stream with a

coarser distribution of particles or a higher throughput, thus reducing the waste of energy, in

comparison with hydrocyclones.

Figure 121. Particle size distribution of the ball mill feed (Screen OS/Hydrocyclone UF + fresh feed to the ball milling circuit.
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Figure 122. Comparison of the coarse stream particle size distribution generated with screens or hydrocyclones (screen OS

and hydrocyclone UF).

5.2.4. Classification efficiency and its effect on the mass and mineral particle

size distribution
The classification efficiency curves were calculated for the overall mass (Figure 123). A

summary of the classification efficiency parameters is presented in Table 10.

Figure 123. Minera Saucito classification efficiency curves
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Table 10. Summary of classification efficiency parameters.

From the table, it should be noted that hydrocyclones generated higher circulating loads and

poorer classification efficiency indexes and classification efficiency curves, in comparison with

screens, which is expected considering the separation principle of each device. The reduction of the

circulating load occurred as a combination of the separation principle, the change in cut size, and the

significant improvement in water split. In the case of hydrocyclones, the circulating load reduced

from 351% to 210% due a cut size increase (0.048 mm to 0.063 mm) and water split percentage

improvement (60% to 72.5%). Figure 125 presents a comparison of the hydrocyclone classification

efficiency curves for surveys 2 and 3. The classification efficiency improvement is mostly a

consequence of both products following the direction of the cut size increase (Figure 125), generating

coarser products (Heiskanen, 1993).

Figure 124. Classification efficiency comparison between surveys 2 and 3.

Plant 2 1 2 2 1 1 1 2
Classifier Screens Cyclones Cyclones Screens Screens Screens Screens Screens

Parameter/Survey 1 2 3 4 5 6 7 8
D50c, mm 0.107 0.048 0.063 0.121 0.108 0.117 0.112 0.117

Alpha 9.50 2.65 2.92 4.53 5.98 5.41 6.53 8.46
Water split (%) 90.8% 60.0% 72.5% 76.8% 86.1% 86.1% 80.7% 88.6%

Circulating load % (UF/OF) 43 351 210 95 63 59 99 60
Circulating load %, (size based) 43 351 210 95 63 59 99 60

Classification efficiency index, % 93 47 65 81 92 89 82 91
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Figure 125. Comparison of survey 2 and 3 hydrocyclones OF and UF.

Nevertheless, there is no such thing as a perfect classifier, and the screens are subject to

variations in classification efficiency performance as well. When operating with 75 µm screens, the

cut size varied from 0.107 mm to 0.121 mm. The alpha value varied between 9.5 and 4.53; the water

split percentage varied from 90.8% to 76.8%. There are several sources of the observed variability of

the screens.

Factors such as the dilution of the pulp prior to screening (Mwale et al., 2016), wear of the

panel, and the dead mass accumulated on top of the panels ends up influencing the effectiveness of

the size separation (Figure 126). When the panel was recently installed (i.e. survey 1), the

classification efficiency was improved. However, the classification efficiency deteriorated as the

panel approached the end of its life span (Figure 127) (surveys 4 - 7). Good maintenance practices

are required when using this technology to maintain optimum operation.
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Figure 126. Comparison in classification efficiency between the surveys 1 and 4.

Figure 127. A comparison between a recently installed panel with one panel prior replacement.

Figure 128 presents a comparison between the classification efficiency achieved in surveys 1 and 8.

In both cases, the panels were replaced prior to the surveys. The main difference besides the panel

aperture (survey 1 was 75 µm and survey 8 was 100 µm); was the percentage of solids in the ball mill

(56% and 64.5% for survey 1 and 8, respectively). When analysing the particle size distribution of

the screen US and OS, it can be noticed that under an improved percentage of solids, the 100 µm

screen produced a finer product, in comparison to that of the 75 µm screen (Figure 129). This result

is in line with the SSE results reported in the previous section, in which the lower energy intensity



was that of survey 8. The improvement of the size separation stage reduced the amount of fine

particles recirculated to the ball mill. By doing this, the energy available in the grinding process is

spent on those particles requiring further size reduction, and not in overgrinding fines, as occurs when

hydrocyclones are used.

Figure 128. Comparison in classification efficiency between surveys 1 and 8.

Figure 129. Comparison of Screen US and OS for surveys 1 and 8.
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Figure 130 presents the effect of hydrocyclones and screens on classification efficiency of the

valuable minerals, calculated using lead and silver assays. The data shows that the screens modified

the separation of the valuable minerals in the system. For the screens, the size distribution of the

dense minerals is almost the same as the total mass, whereas the dense minerals are substantially finer

when hydrocyclone separation is used. In the case of the hydrocyclones, the separation is based on

particle size and density. When the valuable minerals are liberated from the hosting gangue, the

density of the particles play a significant role in the separation process within the hydrocyclone.

Heavy dense particles (liberated or composites) will report to the hydrocyclone underflow, even if

the particles have already reached the desired size for downstream processing. On the other hand,

since screening is a predominantly size-based separation process, the density effect is reduced, and

the separation of particles becomes independent of mineralogy. The data also shows that even when

the classification efficiency improved with hydrocyclones, from survey 2 to 3, there is a still a bias

due to the density effect, although it appears reduced. This is a significant observation, since it will

significantly change the downstream flotation operation, which is dependent on the size distribution

of the valuable mineral. Although the produced streams have equivalent overall P80, the mineral P80

is not the same.

Figure 130. The effect of the classifier on the overall mass and valuable mineral classification efficiency.

The comparison of surveys 1 and 4 (Figure 131) shows the implications of poor and good

classification efficiency with screens, on the valuable minerals. The data indicates that both silver
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and lead minerals were affected by the poor classification efficiency of the screen, as shown by the

by-pass of finer minerals to the oversize fraction for the poorly operated test 4 screen. The reduced

water split (%) and the flotation occurring on top of the panel, by-passed the valuable minerals, with

the silver being the most affected. This deterioration in separation demonstrates that overgrinding of

minerals can still occur if the screens are poorly operated.

Figure 131. Classification efficiency curves for new and wear 75 µm screens for the total mass and the valuable minerals

The differences in the circulating load and classification efficiency for screens and

hydrocyclones modified not only the resulting overall particle size distribution of the flotation feed,

but also of the valuable minerals. The site historical database included assay by size information on

the flotation feed over nine months of operation. During this period, Plant 1 was operating with

screens as the classification device within the ball milling node, whereas Plant 2 was using

hydrocyclones. The flotation feed is the combination of two streams, one being the SAG

hydrocyclone overflow, and the other the ball mill hydrocyclone OF/Screen US. Figure 132 illustrates

the P80 of the flotation feed during this period. In general, it should be noted that the flotation feed

P80 was consistently coarser when operating with screens. The data available for the hydrocyclone

operation corresponding to August and October 2015 were anomalous. There was not enough

information available to investigate in detail the reason of the anomalous data, however, problems

related to sample collection or sample preparation cannot be disregarded.
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Figure 132. Flotation feed P80 across nine months of operation

The particle size distribution of the overall flotation feed and the individual lead and silver

size distributions measured in surveys 1 and 2 are shown in Figure 133. It should be noted that when

screens are used for classification, the size distribution of the lead and silver is similar to the overall

flotation feed (and thus the gangue). However, when hydrocyclones are used, the lead and silver in

the flotation feed are significantly finer than the overall feed. As the valuable minerals have a greater

density than the gangue, this leads to an increase in their circulating load and a finer grind of the

valuable mineral within the grinding circuit.  It is expected that dense minerals, such as galena (7.58

g/cm3), freibergite or pyrargyrite (4.85 to 5 and 5.85 g/cm3, respectively) preferentially report to the

underflow when classified with hydrocyclones. Since screening is predominantly based on size and

shape, a significant reduction in the influence of particle density occurred. This resulted in a higher

classification efficiency and less recirculation of the denser material in the circuit. This reduced

overgrinding of fines, especially with respect to the dense valuable minerals. The particles containing

lead and silver leave the ball-milling node once they reach the screen aperture size, avoiding

regrinding and, consequently, the valuable minerals will be similar in size to the overall product.

Operation with screens delivers a coarser overall size distribution to flotation feed due to the coarser

cut-size, in comparison with hydrocyclones, and an even greater difference in the distribution of the

minerals of interest as there is no longer preferential breakage of the valuable mineral over that of the

gangue material.
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Figure 133. Particle size distribution of the flotation feed, corresponding to the surveys 1 and 2

All the historic and measured particle size distributions and their assays by size are included

in Appendix Section 2.

Figure 134 presents the relationship between classification efficiency and circulating load.

Again, the data is consistent with previous observations of other researchers. As the circulating load

increased, the separation efficiency dropped; and as the circulating load increased, the circuit capacity

increased, but the data appeared in two different regions for screens and hydrocyclones (Hukki, 1979;

Hukki and Allenius, 1968; Hukki and Heinonen, 1973; Jankovic et al., 2010).

In the case of the operation with hydrocyclones, high circulating load allowed the ball mill to

process more tonnes of ore (up to 635 t/h). However, this capacity increase came at the expense of

the efficiency, since the recirculating stream feeding the ball mill contains an increased amount of

particles already at the target size, thus reducing the overall capacity of the circuit (Davis, 1925).

Therefore, increasing the circulating load from 210% to 351% in the ball mill node, represented a

total throughput increase of a mere 1.8%.

When screening, the classification efficiency was improved, resulting in a reduced mass of

particles already at the target size recirculating through the mill, leaving more grinding capacity

available for those particles that required further size reduction. In comparative screening conditions
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increasing the circulating load from 47% to 85% in the ball mill node, represented a far more

significant total throughput increase of 9.0%.

Figure 134. Circulating load as a function of separation efficiency

One final assessment was completed to compare hydrocyclones and screens following the

classification system efficiency (CSE) approach (Bartholomew et al., 2018). The CSE can be

calculated using the particle size distribution of the ball mill feed and discharge streams. The size of

interest was selected as 53 µm. Table 11 present the results of the assessment. It should be noted that

the CSE measured with hydrocyclones and screens were similar. The average CSE with

hydrocyclones (surveys 2 and 3) was 69.5%, whereas the average CSE with 75 µm screens (surveys

1, 4, 5, 6) was only marginally better (71.0%), therefore, the CSE could be considered the same

between hydrocyclones and screens.

Table 11. CSE (%) assessment results.

The screens sent a coarser product back to the mill (screen OS) in comparison with the

hydrocyclones (UF). However, due to the different magnitudes of the circulating loads (i.e. 202% in

survey 3 compared with 95% in survey 4) the residence time inside the mill was modified. With a

1 2 3 4 5 6 7 8
2 1 2 2 1 1 1 2

Screen Cyclone Cyclone Screen Screen Screen Screen Screen
1  %+53 in the ball mill feed 88.0 75.1 82.5 86.0 88.8 87.6 90.6 90.3 %+53 um
2 %+53 in the ball mill prod 55.3 59.8 60.7 57.2 53.1 52.1 61.2 51.7 %+53 um
3 CSE 71.7 67.4 71.6 71.6 71.0 69.8 75.9 71.0 %+53 um
4 Wasted power 28.3 32.6 28.4 28.4 29.0 30.2 24.1 29.0 %
- CL 43.3 351.4 201.9 94.5 63.0 61.5 99.9 59.6 %

Parameter

Plant
Steps

Survey

Units



hydrocyclone and a high circulating load, the mill breaks the particles, and classify them in a shorter

residence time (quick breakage step followed by a classification step). With a screen, however, more

breakage occurs between classification steps due to the reduction of the circulating load (increased

residence time). To allow the screens to increase its CSE with respect to hydrocyclones, it would be

required to reduce the length of the mill, or increase the throughput to the ball mill circuit, so the

residence time of the slurry inside the mill is reduced.

Therefore, two main conclusions can be seen for this analysis. One, that screens are more

efficient classifiers than hydrocyclones, since the size separation was conducted based on size and

shape only, reducing the density effect when processing high-dense minerals, and the recirculation

of particles already below the target size. The former benefit reduced the size of the circulating load.

This allowed for higher throughput increases when compared with hydrocyclones (9.0% versus 1.8%,

for an increase of 50% and 140% in circulating load, respectively). However, the reduction of the

circulating load modified the residence time of the slurry inside the mill, which would indicate that

the ball milling circuit would have the potential for further throughput increase.

The improvement of classification efficiency using screens generated a coarser product for

the flotation feed. The average P80 of the flotation feed increased from 55 µm to 71 µm. However,

the most significant change occurred in the particle size distribution of the valuable minerals, which

became coarser when operating with screens instead of hydrocyclones. The data showed that the

flotation feed properties were modified when operating with screens instead of hydrocyclones, due

to the reduction of the density effect. The implications of classification efficiency for the preferential

breakage, and the downstream performance, will be discussed in the following sections.

5.2.5. The effect of the size separation device on the preferential breakage
The recovery achieved in the flotation circuit will always be influenced by the properties of

the ore being fed to the system. As shown in the previous sections, the device used to classify the

particles prior to flotation had implications on the comminution circuit capacity and the energy

performance, but it also affected the valuable mineral size distribution of the feed to flotation.

It was shown that particles when classified or separated in a different manner resulted in

different flotation feed properties. To further investigate the effects of the different size separation

devices (classifiers and screens) on ore preparation, the preferential breakage curves for the silver

and lead minerals were plotted. The preferential breakage curve is obtained by plotting the valuable

mineral versus the percentage passing of the total mass. Sulphide minerals are often observed to break



into finer sizes than silicate gangue in conventional grinding circuits  (Runge et al., 2014a). If the

points of the curve are located far from the centre line, it means that more preferential breakage is

taking place in the ball milling node. Runge et al (2014) also found that if the grinding technology is

similar, the trend should be similar regardless of the P80 of the final product. Therefore, it is expected

that the silver and lead will follow the same trend when classified with hydrocyclones, independently

of the cut-size.

Figure 135 and Figure 136 shows the preferential breakage measured during the surveys and

the preferential breakage reported in the historical assay by size of the flotation feed measured

monthly by site. Both historical and surveyed data exhibited different degree of preferential breakage

changes when using hydrocyclones or screens. When classifying with hydrocyclones, the valuable

minerals followed similar trends, independently of the cut-size of the classifier (Runge et al., 2014a).

However, screening had a significant impact on the degree of preferential breakage. In the case of the

screens, the particles coarser than the screen cut size were continually recycled back to the mill until

reaching the desired cut size for downstream processing. This resulted in the gangue having the same

size as the valuable minerals, even if the valuable mineral can be softer and grinding to a finer size

in the mill, which is often observed in sulphide applications (Runge et al., 2014a).

However, the hydrocyclone caused the less dense gangue to escape the grinding circuit at a

coarser size than the valuable minerals due to the heavier valuable minerals preferentially reporting

to the hydrocyclone underflow. This effect, which is density driven, creates the preferential grinding

of the valuable minerals. This can affect flotation recovery or grade in either a negative or a positive

way, depending on the recovery by size relationship. When using recovery prediction methodologies,

such as the Bazin technique, a constant preferential breakage relationship has to be validated prior to

any recovery estimation (Runge et al., 2014a). In this case, the fact that the preferential breakage

relationship changed when using screens or hydrocyclones indicated that the Bazin technique is not

applicable to predict the changes in recovery when switching classifier type.



Figure 135. Silver preferential breakage curve, hydrocyclone (a), screen (b).
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Figure 136. Lead preferential breakage curve, hydrocyclone (a), screen (b)

5.2.6. Influence on overall recovery
As shown in the previous sections, the flotation feed obtained with hydrocyclones or screens

was different in terms of its mineral size distribution. It was expected that these changes would have

an impact on the flotation recoveries achieved in the downstream flotation circuit. This was analysed

using the historical assay by size database to enable a comparison between the recoveries achieved
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in Plant 1 and Plant 2 when operated with screens and hydrocyclones, respectively. However, it is

important to take into account the feed grade because at Minera Saucito it varies significantly with

time, especially in the case of silver.

To establish a meaningful comparison between both plants, the significance of the variation

of the feed grade had to be understood. In this case study, the feed grades to the two plants were often

different for a given month. The feed grades of the monthly composites of Plant 1 were compared to

those of Plant 2 (Table 12). This involved using a t-test for paired comparison to determine if the feed

grades of Plant 1 and Plant 2 were different from each other (Napier-Munn, 2014). The difference

between the average silver and lead feed grades over the same period were not significant at a 95%

confidence level, as reflected by their estimated P-value, which was higher than 0.05, as shown in

Table 13 for the 2-sided T-test. This means that for the data analysed, the average silver and lead feed

grade between the two plants can be considered the same. Therefore, a comparison between the two

plants can be established, in which the differences in feed grade can be non-significant.

The overall recovery of the silver and lead is shown in Figure 137 and Figure 138. The overall

recovery is expressed as a percentage of that in the feed. From the figures, it should be noted that in

general, the flotation performance changed when shifting from hydrocyclones to screens. Silver

recovery decreased from 83.8% to 77.6% on average. Lead recovery increased from 81.6% to 88.5%

on average, over the period analysed. In this case, no other significant changes occurred to the circuit,

other than the replacement of hydrocyclones for screens in the ball-milling node.

Table 12. Feed grades of the monthly composite samples

Table 13. P values of the statistical comparison between feed grades

Date P1 Ag, g/T P2 Ag, g/T P1 Pb, % P2 Pb, %
May-15 310 272 0.92 0.76
Jun-15 361 413 0.82 1.16
Jul-15 237 277 0.80 0.70
Aug-15 209 239 0.78 1.16
Sep-15 303 349 1.21 1.48
Oct-15 286 361 0.92 1.10
Nov-15 318 408 0.97 1.31
Dec-15 311 438 1.14 1.26
Jan-16 244 325 0.78 0.68
Mar-16 282 290 0.93 1.18
Apr-16 488 344 0.95 0.71
May-16 264 284 0.77 0.92
Average 301 333 0.92 1.03



Figure 137. Final silver recovery with hydrocyclones or screens

Figure 138. Final lead recovery with hydrocyclones or screens

To understand the influence of the sizing device and the feed grade on the observed flotation

response, the data was analysed using regression analysis. The silver and lead recovery were analysed

individually, as a function of the feed grade, and the size separation device used – coded as 0 for

hydrocyclones and 1 for screens (Napier-Munn, 2014). In the case of the silver recovery, the

regression analysis delivered a model (Figure 139) with an R squared of 0.50, which implies that only

Feed Grade P1 P2 T Test P value
Ag, g/T 301 333 0.139
Pb, % 0.92 1.03 0.084
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50% of the recovery differential is explained by the feed grade and the classifier used. The model

was significant with a 99.8% of confidence (Table 14).

Table 14. Silver recovery as a function of the classifier and grade regression analysis

Figure 139. Experimental versus predicted silver recovery

From the analysis, it should be noted that the feed grade was not significant. This means that

the feed grade does not explain the observed change in silver recovery. However, the influence of the

classifier is significant, since using screens dropped the final silver recovery by at least 6.32%.

Table 15 presents the summary of the lead recovery analysis. The regression analysis

delivered a model (Figure 140) with an R squared of 0.8012, which implies that 80% of the variability

in lead recovery is described by the feed grade and the classifier. The lead feed grade was found to

Regression Statistics
Multiple R 0.7482
R Square 0.5598
Adjusted R Square 0.5011
Standard Error 3.3744
Observations 18

ANOVA
df SS MS F Significance F Confidence,%

Regression 2 217.23 108.62 9.54 0.0021 99.8
Residual 15 170.80 11.39
Total 17 388.03

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Confidence, %
Intercept 80.76 4.96 16.27 6.13347E-11 70.18 91.34 100.0
Classifier -6.32 1.78 -3.56 0.00285744 -10.10 -2.53 99.7
Ag Feed Grade 0.01 0.01 0.69 0.50161418 -0.02 0.04 49.8
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have a significant influence on the final recovery. However, 8.6% of the increase in final recovery

was due to the use of hydrocyclones or screens in the ball mill node.

Both regressions are far from perfect, and it was not the intention of the analysis to develop a

model to predict the changes in recovery, but rather to identify the potential root causes of the

observed changes in recovery performance. In any case, the data analysis showed that the change in

classification technology, which is ultimately reflected in the coarsening of the particle size

distribution of both the valuable minerals and the flotation feed, affected the recovery of silver and

lead.

Table 15. Lead recovery as a function of the classifier and grade regression analysis

Figure 140. Experimental versus predicted lead recovery

Regression Statistics
Multiple R 0.908079
R Square 0.824608
Adjusted R Square 0.801222
Standard Error 2.204374
Observations 18

ANOVA
df SS MS F Significance F Confidence, %

Regression 2 342.69 171.34 35.26 2.14E-06 99.99978617
Residual 15 72.89 4.86
Total 17 415.58

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Confidence, %
Intercept 68.49 2.64 25.94 0.0000 62.86 74.11 100.0
Classifier 8.59 1.09 7.87 0.0000 6.26 10.91 100.0
Feed Grade 12.30 2.38 5.18 0.0001 7.24 17.37 100.0
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5.2.7 The influence of the classifier on the recovery by size curve
To determine the reason for the changes in overall recovery when operating with the screens

in the ball mill node, the recovery by size curves (for lead and silver) for each plant were calculated

using the historical assay by size database. Figure 141 and Figure 142 show the calculated recovery

by size curve with its associated 95% confidence intervals for both lead and silver. These were

determined for Plant 1 operating with the screens, producing a flotation feed P80 of 71 µm; and Plant

2 operating with the hydrocyclones, producing a flotation feed P80 of 55 µm.

The shape of the size versus recovery curves determined for each plant showed a typical

shape, with an optimal recovery observed in the intermediate sizes, and the recovery of the fine and

coarser size fractions dropping significantly. For silver, the recovery by size in the intermediate and

fine particle size classes were similar with a 95% confidence interval of the curves overlapping in

these regions. However, the recovery of the coarser size fraction was significantly higher when

operating with the screens than when using the hydrocyclones. Potentially, the resulting drop in

overall silver recovery in the circuit occurs due to the presence of more coarse silver (Figure 141).

Even though the recovery of the coarser size fraction increased, the total recovery of such size classes

was not enough to compensate for the coarsening of the silver in the flotation feed. The size by

recovery curve relationship, however, indicates that if a finer cut size could be achieved across the

screens, overall silver recoveries would improve.
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Figure 141. Silver size by recovery curves

In the case of the lead, the recovery by size in the intermediate particle size classes was also

similar with a 95% confidence interval of the curves overlapping in these regions. However, the

difference in coarse and fine particle recovery was statistically significant, since the confidence

intervals in those regions do not overlap with each other, same as that for silver, but of higher

magnitude (92% and 78% for lead and silver, respectively). This improvement in coarse and fine

particle lead recovery means that the coarsening of the lead size distribution and potentially, the

production of less ultrafine in the feed to Plant 1 using the screens (Figure 142) could be the cause

for the significantly higher overall lead recovery in the circuit operated with screens.

Figure 142. Lead size by recovery curves

Given that the recovery differences of both coarse and fine particles were statistically

significant for the galena, an additional analysis was completed to identify the underlying cause for

the additional galena recovery observed in the circuit. Simulations scenarios were performed to

compare the expected lead recovery when:

· the particle size distribution of the flotation feed generated with screens was used in

conjunction with the hydrocyclone recovery by size curve;

· the particle size distribution of the flotation feed generated with screens was used in

conjunction with a modified screen recovery by size curve, in which the recovery

value for the finest size class was that of the hydrocyclones;
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· the particle size distribution of the flotation feed generated with hydrocyclones was

used in conjunction with the screen recovery by size curve;

· the particle size distribution of the flotation feed generated with hydrocyclones was

used in conjunction with the screen recovery by size curve, in which the recovery

value for the finest size class was that of the screens.

Because although the recovery difference at the fine end was smaller than the coarse end,

there was more lead in the finer fraction. Overall recovery in these simulations is calculated by

summing the individual size recoveries weighted according to how much of the mineral is in each

size fraction (Eq. 24).

=  ( . 24)

Where R overall is the final overall recovery, mi is the proportion of mass in the “i” size fraction,

and Ri is the recovery achieved in the “i” size fraction.

The results are shown in Figure 143. The result of the exercise indicated that if the modified

recovery by size for screens, in which the recovery value for the finest size class was that of the

hydrocyclones, a flotation feed generated with screens would achieve a lead recovery of 87%

compared with the actual 88.5%. On the other hand, if the hydrocyclone recovery by size was

assumed, a flotation feed generated with screen would reach a lead recovery of only 65%, due to the

low recovery of the coarse particles observed with hydrocyclones. It is therefore concluded that the

significant improvement in lead recovery when screens are used in the circuit is largely due to the

improvement in coarse particle recovery rather than the improvement in fine recovery. This

improvement in coarse particle recovery is also important as it allows to coarsen the feed P80 of the

valuable mineral with screening coarsen without a catastrophic detrimental impact on overall

recovery, which would have resulted if the hydrocyclone size by recovery curve had been that

achieved when using screens.

With the hydrocyclone feed, the improvement in recovery assuming a recovery by size similar

to that with screens improves to 88% (from the baseline of 81.6%) but this recovery improvement is

largely due to increasing fine particle recovery, as most of the lead is in the finer sizes.



Figure 143. Comparison of overall recoveries with the current and modified recovery by size curves (RBS).

Therefore, it can be concluded that the increase in lead recovery with screens occurred, despite

the coarsening of the lead in the flotation feed.

5.3 Discussion
Even though there have been successful case studies previously presented about the

replacement of hydrocyclones with screens by researchers in the past (Dündar et al., 2014; Valine et

al., 2009), only one discussed the changes in comminution circuit operation, (Dündar et al., 2014),

while the effect of such changes where not analysed in detail (Valine et al., 2009). Therefore, research

was required to understand the effect that improving classification efficiency had on the recovery of

heavy dense minerals, such as galena and silver species when classified with screens instead of

hydrocyclones.

The replacement of hydrocyclones with screens in the ball-milling node allowed for a

minimum statistical increase in throughput of 18% and 11% for Plant 1 and 2 respectively, accounting

for an overall improvement of 21%. This was a consequence of both the increased classification

efficiency, and the coarsening of the comminution product obtained when operating with the screens

(64% and 91% for hydrocyclones and screens respectively) which reduced the circulating load in the

ball-milling node. When running at a similar throughput, the circulating load decreased from 260% -

351% when operating with hydrocyclones to 47% - 99% with screens. Less recirculation partially

reflects the coarsening of the P80 of the flotation feed from 55 µm to 71 µm and less overgrinding of

valuable liberated material.  These changes resulted in a potential reduction of 1.6% in the energy

intensity when screening, being 30.2 and 29.7 kWh/t-53µm the best values measured for
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hydrocyclones and screens, respectively. However, given the small number of observations, a

statistical significance could not be provided to the data. The change of the classifier allowed for a

better use of the energy available, due to the reduction of fine particles being recirculated to the ball

mill.

Changes of this nature in the classification device affected the performance of the downstream

process. The data analysed reflected a negative impact of the coarsening of flotation feed on the silver

recovery, changing from an average of 84% to 78% when using 90 µm screens. In the case of galena,

the change in classifier had a positive impact, increasing the recovery from an average of 82% to

89%.

A recovery by size analysis was completed for both silver and galena, to identify the effect of

screens and hydrocyclones on recovery. For the silver, the recovery by size curves were similar at

both intermediate and fine particles (below 38 µm), regardless of the classifier used.  However, a

statistically significant difference in recovery was observed in the coarser region of the recovery by

size curve (from 53 µm to 106 µm). For the lead, the recovery by size curves were similar at

intermediate particles (below 38 µm), regardless of the classifier used.  However, a statistically

significant improvement in recovery was observed in both the coarser (from 53 µm to 106 µm) and

the ultra-fine region (below 10 µm) of the recovery by size curve. The increase in coarse recovery

was found to be responsible for the change in overall recovery.

The improvements in coarse particle recovery in the circuit when screening could be due to

several reasons. Coarse particle recovery is sensitive to the degree of the liberation of the feed, with

liberated particles usually exhibiting much higher recoveries than composites (Vianna, 2004).  The

reduction of the influence of density with screens might allow already liberated particles to reach the

flotation circuit at a coarser size. Coarse particles also require a greater amount of collector on their

surfaces to float (Crawford and Ralston, 1988). The coarsening of the flotation feed, including the

valuable minerals might promote a reduction of reagent starvation phenomena, if taking place in the

flotation circuit. An increase of ultra-fines in the flotation system can reduce the collector coverage

on the coarser particles, due to their higher surface area to mass ratio, thus promoting low recovery

of such particles. A detailed investigation of the drivers of the change in coarse particle recovery will

be presented in the next chapter.



5.4 Conclusions
A comparison of comminution and flotation performance when using hydrocyclones or

screens to process a polymetallic ore at industrial scale was completed.

In the comminution section of the study, the results were in close agreement with previous

studies, in which operating with screens enabled an increase in throughput. The Size Specific Energy

assessment indicated that a circuit operated with screens can achieved similar energy intensity levels

to those with hydrocyclones. However, with hydrocyclones, the energy was spent on breaking a

significant proportion of particles already below the desired target size, promoting overgrinding of

valuable minerals. When screening, the energy was spent on coarser particles, since the proportion

of particles already below the target size was reduced due to the screening superior classification

efficiency. The data indicated that the operation of the ball mill node with a screen was sensitive to

the percentage of solids in the mill. However, due to the current screening installation, it was not

possible to determine the limit or ideal percentage of solids for the screening operation.

The screens achieved better separation efficiencies than those of the hydrocyclones. In

general, better values of water split (%) and alpha were measured for the screens. The improvement

in classification efficiency affected the overall mass and the valuable minerals, reducing the influence

of density in the size separation stage when screening. Heavy-dense minerals could reach the flotation

circuit at a coarser size with the screens, reducing the overgrinding of the valuable minerals, which

is common when using hydrocyclones. However, variability in the screening performance was also

found when comparing new and used 75 µm screen panels. Better maintenance practices tailored for

the screening operation would potentially allow an increase in the life time of the panels, however,

such assessment was out of the scope of this study.

The flotation results contrasted with previous studies, which demonstrated that the recovery

by size curve remained unchanged independent of the P80 on the same classifier type. In this case, the

silver and lead recovery by size curve was different between hydrocyclones and screens. For the

silver, an improvement in coarse particle recovery occurred, when operating with screens. The change

was verified statistically, however, its magnitude was not high enough to compensate for the

coarsening of the silver in the flotation feed, which resulted in a reduction in the silver recovery from

an average of 83.8% to 77.6%.

For the lead, increases in both the ultrafine and coarse particle recovery were identified. The

changes were verified statistically. The coarser feed in combination with the improved recovery by



size relationship promoted a recovery increase, from an average of 81.6% to 88.5%. This was due to

the significant reduction of the density influence in the classification process. With a hydrocyclone,

heavy dense galena will report to the hydrocyclone underflow, generating a preferential breakage of

the valuable galena with respect to the overall mass. When operating with screens the size separation

process is based on size and shape alone, resulting in valuable minerals escaping at a coarser size

from the comminution circuit. Consequently, a coarser size distribution of both the overall mass and

the valuable minerals is obtained. Potential changes in liberation due to the coarsening of the flotation

feed (including the valuable minerals), in combination with reduced reagent starvation phenomena,

and potential changes in viscosity might be the main drivers behind the coarse particle recovery, but

not enough data was at hand to test such mechanisms using the plant data.

The hypotheses tested in this chapter were that a comminution circuit operating with screens

will be more energy efficient, in comparison with the use of hydrocyclones as the main classifier; and

that an efficient classification stage in the comminution circuit not only increases throughput and

energy efficiency, but also increases the flotation recovery. For the first hypothesis, the data indicated

that a circuit operating with screens was, at best, as efficient as that operated with hydrocyclones.

However, the data also showed that when screening, the energy available was spent on a stream

composed of coarser particles, therefore, reducing the overgrinding of valuable minerals.

For the second hypotheses, operating with screens did generate a steeper flotation product in

terms of the overall mass, however, the main change occurred in the distribution of the valuable

minerals, which achieved a similar particle size distribution to that of the overall mass. The flotation

feed generated with screens had mixed results in the flotation circuit, since the lead recovery increased

while the silver recovery decreased. The observed changes in recovery was a function not only a

consequence of changes in the particle size distribution of the valuable minerals, but also of an

increase in the coarse recovery. The drivers behind the changes in the recovery will be explored in

detail in Chapter 6.



Chapter 6. A study of the drivers behind

the improved galena recovery
6.1 Introduction
Chapter 5 compared hydrocyclones and screens based on measurements across the

comminution and flotation circuits. Of all the differences measured, perhaps the most important was

that the recovery by size curve improved for the valuable minerals when using screens. The recovery

of both the fine and coarse size fractions for the lead were observed to improve. In the case of the

silver, the recovery by size improved only for the coarse size fraction.

This chapter aims to elucidate the main drivers of the observed changes in lead recovery, and

if possible, silver. This chapter tests the hypothesis that the improvement in the recovery by size curve

was a consequence of improved liberation, improved reagent distribution, or a reduction in flotation

pulp viscosity/density. To test this hypothesis, a laboratory experimental program was completed at

Minera Saucito. This program included liberation measurements, and laboratory flotation tests. Due

to the difficulty of generating enough mass to assess both galena and silver minerals recovery, the

recovery by size study focused on the evaluation of galena only.

6.2 Results

6.2.1 Screen US and hydrocyclone OF comparison
As mentioned in the experimental chapter, the ball mill node product, which is the screen US

or the hydrocyclone OF typically contributes 85% of the flotation feed. Figure 144 presents both the

mass and galena size distribution of these streams collected from the two circuits operating with

screens and hydrocyclones, during the 2016 and 2017 surveying campaigns. It is important to mention

that the screen samples were representative of the best (survey 1) and worst (survey 4) classification

efficiencies. In addition, these samples were collected when the ball mill operated at different

densities (54% and 64%, for surveys 1 and 4 respectively).  These factors gave rise to the dramatically

different size distributions for the two screen products. After the percentage of solids in the mill were

adjusted, the comminution circuit operating with 75 µm screens produced a finer product (survey 4),

in comparison with the survey 1 sample. The hydrocyclone OF samples were representative of the



worst (survey 2) and best (survey 3) classification efficiencies. It should be noted that the

classification efficiency improvement was reflected in a coarser lead size distribution.

However, Figure 144 shows that the particle size distribution by mass of the screening product

was still coarser than the product obtained when operating with hydrocyclones. Additionally, there

was still a significant difference in the lead size distribution, with it being coarser and steeper when

using screens, in comparison with hydrocyclones. The differences between the hydrocyclone and

screen samples were due to the absence or reduction of the density bias when screening, which has

already been described in the previous chapter. Figure 144 highlights that the P80 value alone is not a

good descriptor of the differences between the samples.

Figure 144. Flotation feed particle size distribution of the base case scenario

6.2.2 Mineral Liberation Analysis (MLA) of flotation feed
As described in the experimental section, samples from selected surveys were prepared and

analysed by MLA. Figure 145 presents the proportion of the galena more than 90 percent liberated

measured as a function of size in the hydrocyclone overflow (survey 2) and screen undersize (survey

1), respectively. The liberation in the fine size classes was similar between hydrocyclones and

screens. This observation is in agreement with previous reports of other researchers (Manlapig et al.,

1985; Vizcarra et al., 2010) who have shown that liberation remains similar in a particular size class

regardless of the degree of grinding. However, the liberation of the coarser size fraction (+53-75 µm)
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appears to increase when operating with screens. To verify the statistical significance of the liberation,

increase of the coarser size fraction, 95% confidence intervals were calculated using the model

proposed by Leigh et al. (1993).

Figure 145. Proportion of galena in each size class more than 90% liberated in the ball mill screen US/Cyc OF when

operating with hydrocyclones or screens

The results are presented in Figure 146, which indicates that the cumulative mineral

distribution of galena in the +53 µm size fraction was higher for the screen sample. However, the

confidence intervals of the hydrocyclone sample were wider, in comparison to the screen sample.

Therefore, it was not possible to statistically confirm that the improved classification efficiency led

to an improvement in coarse galena liberation. The wide confidence intervals occurred due to the low

proportion of galena particles measured in this size fraction. In the case of the screens, a total count

of 455 particles containing galena were found, whereas in the hydrocyclone samples, only 37 particles

containing galena were detected in the MLA analysis of this size fraction. To improve the statistics,

it was necessary to survey again (surveys 3 and 4), and to measure multiple blocks to increase the

count of galena particles for the hydrocyclone OF stream.
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Figure 146. Galena cumulative liberation distribution of the +53 µm coarse size fraction (Surveys 1 and 2)

A second set of samples were collected with the aim of measuring the observed differences

again. As described in Chapter 3, the second set of samples was processed and analysed by the SMI-

JKMRC lab. Again, 95% confidence intervals were estimated for both samples. Figure 147 presents

the results, which indicated that a higher cumulative mineral distribution by liberation class occurred

in the + 53 µm -75 µm size fraction again when operating with screens, in comparison to that obtained

when operating with hydrocyclones. It should be noted that in the second set of measurements, the

screen sample had wider confidence intervals with respect to those estimated in Figure 146, but these

did not overlap with the confidence intervals of the hydrocyclone sample. In the case of the screen

samples, a total count of 448 particles containing galena were found in the studied size fraction.

Whereas in the hydrocyclone samples, 821 particles containing galena were detected in the MLA

analysis of this size fraction.
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Figure 147. Galena cumulative liberation distribution of the +53 µm coarse size fraction (Surveys 3 and 4)

Therefore, it can be stated with 95% confidence that the observed changes in liberation were

real, meaning that the comminution circuit operated with screens delivered a coarser flotation product

with improved galena liberation properties, in comparison with the hydrocyclones. Figure 148 shows

the distribution of the galena by liberation classes in the + 53 µm -75 µm size fraction. The figure

indicates much less production of galena in the 0-20% liberation class whereas the proportion of

galena in the 90-100% liberation class has significantly increased using screens instead of

hydrocyclones. The reason for the reduction in liberation for the hydrocyclones was thought to be

due to the liberated galena-bearing particles, with a higher density than the composite galena-bearing

particles of the same size, preferentially reporting to the hydrocyclone underflow (Jankovic and

Morrell, 1994). This potentially resulted in poorer liberation of the coarse sizes for the hydrocyclone

case, as the liberated galena was being overground, whereas the composite galena particles escaped

prematurely from the grinding circuit and were sent to the flotation circuit. In contrast, when using a

screen, the particles were classified according to size and shape only, and the density difference

between the liberated galena and composited galena had little impact. Therefore, liberated and

composite particles of the same size had an equal probability of reporting to the screen underflow,

reducing preferential grinding of the liberated galena, thus improving the liberation in the coarser

sizes.
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Figure 148. Proportion of galena in different liberation classes of the +53 µm coarse size in the ball mill screen

US/hydrocyclone OF, including all surveyed data

The liberation changes suggest that the improved flotation of the coarse particles should be at

least partly due to improved liberation of the feed when operating with screens. To investigate this in

detail, recovery by size by liberation classes was calculated using MLA data measured for the feed,

concentrate and tailings of the surveyed streams.

Generally speaking, flotation is a size driven separation process, and the recovery is affected

by the liberation of the valuable minerals (Sutherland and Gottlieb, 1991), and the interaction of the

chemical reagents with the mineral surfaces (Crawford and Ralston, 1988), amongst other factors. In

the case of Minera Saucito, the reagent control logic was based on the feed grade. When the screens

replaced hydrocyclones, the reagent control logic remained unchanged, meaning that if the feed grade

were the same, the flotation circuit would receive the same reagent, independently of which classifier

was being used. Using the mineral liberation analysis data of the concentrate and tailings, size by

recovery curves for the different liberation classes of galena particles were estimated for the circuits

when operated with screens or hydrocyclones, presented in Figure 149 and Figure 150, respectively.

The liberation classes were adjusted to count sufficient number of particles in each liberation class.

Galena bearing particles in the 90 - 100% liberated particles class achieved higher recoveries

in the coarser sizes than those contained in the 30 - 90% and 0 - 30% liberation classes. The 90 -

100% liberated galena particles exhibited recoveries higher than 95% for the + 38 µm -53 µm, and
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– 38 µm size classes for both hydrocyclones and screens. However, a significant difference in

recovery between screens and hydrocyclones occurred in the + 53 µm size fraction, with galena

recoveries of 86% and 52% respectively.

The galena recovery in the 30-90% liberated class was consistently higher for the operation

with screens across the + 38 µm – 53 µm (93%), and + 53 µm (65%) size fractions; the operation

with hydrocyclones achieved recoveries of 66% and 33% for the + 38 µm – 53 µm, and the + 53 µm

size fraction respectively. The galena recovery in the – 38 µm size fraction was similar for both

systems (88%).

The galena recovery in the 0-30% liberated class exhibited similar recoveries across all sizes,

independently of the classifier used.

Figure 149. Recovery by size by liberation classes of galena particles when using screens.
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Figure 150. Recovery by size by liberation classes of galena particles when using hydrocyclones.

A comparison of the two datasets is presented in Figure 151. In general, the galena particles

generated with screens presented better recoveries, independent of the size fraction or liberation class

evaluated. This is not the expected result if the liberation change was the only driver of the change in

flotation recovery. Note that reagent addition was kept constant between the two surveys. Liberated

galena particles or composites in the +53 µm size fraction would be expected to achieve similar

recoveries regardless of the classifier in operation. The low recovery of liberated galena particles

when operating with hydrocyclones are an indicator of another factor playing a role in the recovery

of such particles. In summary, liberation has been shown to significantly improve flotation recovery.

Screens improved the liberation of the coarse particles, then, this liberation improvement was a

primary reason for the improved coarse particle recovery observed when screens were in operation.

There does, however, seem to be another factor involved as particles of similar liberation are not

exhibiting the same circuit recoveries with a change in classifier. The following section will aim to

determine which other factor, additional to liberation, is playing a role in the recovery of the coarse

galena particles.
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Figure 151. Comparison of recovery by size by liberation classes of galena particles for both classifiers.

6.2.3 Laboratory batch flotation tests results
As described in the experimental section specially designed batch tests were performed to

isolate the different variables which may affect the coarse particle recovery. The combined

concentrate and tailing samples collected during this batch testing were individually sized and

assayed to calculate the recovery by size. Figure 152 presents the results of this analysis for the sixteen

tests performed in this case study.

This overall snapshot of all the data demonstrates that significant variation in the recovery of

the coarse galena that occurred in the laboratory flotation program. Lead recovery varied between

10% and 96% in the + 53 µm -75 µm size fraction, and 25% to 97% in the + 30 µm -53 µm size

fraction. This significant variation highlights that coarse particle recovery is sensitive to the

conditions considered in the test program (type of classifier, reagent levels, proportion of fines, and

percentage of solids).
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Figure 152. Recovery by size curves achieved in the flotation program

Prior to assessing the significance of the data, the size versus recovery measured in the circuit

survey when operating with screens and hydrocyclones were compared to that achieved during the

batch tests performed using the baseline conditions (i.e. plant percent solids, no modification of the

feed distribution, similar reagent addition on a grams/tonne basis). The recovery by size curve

observed for screens or hydrocyclones were similar to the corresponding batch test (Figure 153). This

result indicated that the batch flotation baseline conditions chosen were able to replicate the measured

results in the full-scale plant, providing confidence that the batch flotation results can be used to

investigate the mechanisms by which recoveries are varying in the plant.
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Figure 153. Comparison of lead recovery by size curves measured in the surveys and the baseline batch flotation tests, for

hydrocyclones and screens

The data also provides evidence that the observed differences in the recovery by size results

when operating with hydrocyclones or screens was not a consequence of changes in how the circuit

was being operated at a given time. The fact that the trends were reproducible in batch flotation tests

provides confidence in the analysis of the data. The results were first analysed by grouping individual

pairs of tests, as shown in the following sections.

6.2.4 Impact of reagent on flotation performance
The role of the collector in the flotation system is to selectively enhance hydrophobicity of

the valuable mineral particles (Moimane, Corin et al. 2016). Figure 154 and Figure 155 present a

comparison of the galena recovery achieved after doubling the reagent when the un-scalped or normal

flotation feed was added to the batch flotation tests conducted at 30% and 60% solids, respectively.
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Figure 154. Effect of collector dosage at 30% of solids, normal flotation feed

Figure 155. Effect of collector dosage at 60% of solids, normal flotation feed

The results indicated that when screens were in operation, reagent does not have a significant

effect on recovery, with only the coarsest size fraction (+53 -75 µm) showing some increase (Figure

154). This would indicate that when operating with screens, the current reagent dosage is sufficient

for the system.  In the case of hydrocyclones, however, modifying reagent dosage resulted in

increased recovery. It should be noted that the recovery drop in the coarsest size of these tests is likely

not significant due to the small quantity of galena present in this size fraction in the hydrocyclone

feed.

The greater effect of reagent in the hydrocyclone tests would suggest that starvation of reagent

is occurring when hydrocyclones are used to feed the circuit. Crawford and Ralston (1988) found that

coarse particles need greater reagent coverage to float than ultra-fine particles.  When a system

exhibits a significant presence of ultra-fine particles, these tend to starve reagent from coarse particles

and have a detrimental impact on recovery. This is due to the fine particles large surface area to mass

ratio. The hydrocyclone overflow contained more ultra-fine galena than the screen undersize.

Therefore, if starvation was the mechanism affecting the results, increased reagent addition would be
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expected to have a greater influence in the hydrocyclone tests than the screens – which is what was

observed.  The other factor to consider in this analysis is that the coarse particle liberation when using

screens was better than when using hydrocyclones. Composite particles require greater reagent

surface coverage to float than liberated particles (Vianna, 2004) and this is another reason why more

reagent is required in the hydrocyclone tests. The statistical significance of each individual factor is

presented in section 6.3.8.

6.2.5 Influence of the percentage of solids in flotation
The percentage of solids has been shown to play an important role in industrial flotation circuit

recoveries (Runge, Tabosa et al. 2012). Increasing the percentage of solids can lead to increased

viscosity in the flotation system. A higher pulp viscosity usually corresponds to a lower recovery of

valuable minerals as it results in increased dampening of turbulence, poor gas dispersion, reduced

mobility of particles and mineralised bubbles, and low particle-bubble collision efficiencies (Becker

et al., 2013; Chen et al., 2017; Shabalala et al., 2011). Figure 156 and Figure 157 shows a comparison

between the recoveries achieved at 30% and 60% solids tests, under a particular reagent regime.

Figure 156. Effect of solids percentage at first reagent addition level for the normal flotation feed
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Figure 157. Effect of solids percentage at double reagent addition level for the normal flotation feed

The data shows that even when the reagent dosage was increased, the recovery of coarse

particles decreased when the percent solids of the system increased, especially in those tests

performed when the circuit was operated with hydrocyclones.  Losses in recovery in the order of 19%

and 30% were measured in the +38 -53 µm and +53 -75 µm size fractions, respectively in the

hydrocyclone tests. For the screen samples, there was no impact on recovery at 30% solids but

decreases in coarse particle recovery occurred in the 60% solids test.

There is a complication in interpreting these results because it is likely that reagent coverage

is also playing a role. Because the same volume of reagent was added, regardless of the percent solids

of the system, the high percent solids tests are essentially performed at much lower reagent addition

rates (on a gram per tonne basis).  It is therefore difficult to discern whether the drops in recovery are

due to reagent starvation or if the increased percent solids are affecting the viscosity of the system.

Additional testing would be required to differentiate between these two effects. Nevertheless, what

can be concluded is that the effects of percent solid variation were more significant in the

hydrocyclone than in the screen samples. The greater proportion of composites in the coarse particles

of the hydrocyclone tests were more sensitive to changes in either the reagent dosage levels or the

viscosity changes of the system.

6.2.6 Effect of ultra-fines on flotation
To explore whether the mere presence of ultra-fines in the flotation feed had an impact on

flotation recoveries, tests were performed in which the -38 µm size fraction was removed, as

described in Chapter 3. After collecting the sample from the circuit, the sample was wet screened and

only the +38 µm material was put into the cell and floated.  Figure 158 shows examples of the
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resulting mass and galena size distributions after removal of fines in the hydrocyclone and screen

samples. Although there remains some -38 µm material after screening, the resulting size

distributions were much sharper than the normal feed (compare with Figure 144).

Figure 158. Particle size distribution after scalping the minus 38 microns particles

The impact of the above-mentioned changes in particle size distribution on the flotation

recovery of the coarse particles is presented in Figure 159 and Figure 160.  In the hydrocyclone tests,

the recovery of the coarse galena increased significantly. Recovery of the +38 -53 µm and +53 -75

µm size fractions increased by 36% and 28%, respectively for the tests performed at 30% solids.

Recovery of these same size fractions increased by 30% and 58% in the tests performed at 60% solids.

In the case of screens, improvements in recovery of all size fractions also occurred, with a 9% increase

in the +53 -75 µm size fraction being the most meaningful.

Figure 159. Effect of particle size distribution at 30% of solids
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Figure 160. Effect of particle size distribution at 60% solids

The data shows conclusively that the mere presence of ultra-fine particles in the system

significantly reduced coarse particle recovery, especially when hydrocyclones were employed during

grinding.  Presumably, this was due to the reagent coverage of the coarse particles, on a surface area

basis, having improved with the removal of the fines. The same volume of reagent was added to the

system but the surface area of galena in the feed was reduced. Fines have a much higher surface area

to mass ratio than coarser particles. This effect combined with a potential reduction of viscosity in

the pulp (as it is fines that have a greater effect on viscosity than coarse particles) created an

environment in which flotation of the coarse galena was promoted. These effects were also observed

in the screen tests, but they were not as large.  Presumably this was because of the improved liberation

of the particles in this feed stream and less ultrafine galena being present in this sample to begin with

(Figure 145).  Additional possible mechanisms that might have reduced the recovery of the coarse

galena are slime coating (Yu, Ma et al. 2017), or detachment of coarse particles caused by collisions

and modified shear rates caused by the increased presence of ultra-fine particles. Interestingly once

the fines were removed, doubling the reagent dosage had very little impact on flotation recoveries of

any size.  This is further proof that fines were the cause of the reagent starvation in the system.  Once

removed, there was sufficient reagent, therefore, adding more reagent had no effect.

6.2.7 Effect of size separation device on flotation recoveries
In the graphs presented in the previous sections, the recovery of coarse particles was observed

to consistently be higher when operating with screens than with hydrocyclones. This is clearly

highlighted in Figure 161 with every test performed using screens producing higher recoveries in all

sizes than those obtained from the hydrocyclone configuration.  Coarse particle recoveries in the

hydrocyclone tests were also more susceptible to variation in flotation conditions, as observed in the

batch test results.

0

20

40

60

80

100

10 100

Le
ad

 re
co

ve
ry

, %

Size, µm

Hydrocyclones

1x Reagent, 60%
Solids, Normal Feed
1x Reagent, 60%
Solids, Reduced Fines
2x Reagent, 60%
Solids, Reduced Fines

0

20

40

60

80

100

10 100

Le
ad

 re
co

ve
ry

, %

Size, µm

Screens

1x Reagent, 60% Solids, Normal Feed
1x Reagent, 60% Solids, Reduced Fines
2x Reagent, 60% Solids, Reduced Fines



Figure 161. Recovery by size curves categorised as hydrocyclone or screen samples

The analysis of the feed characteristics and the results observed in the batch test program

suggest that this difference was due to many factors.  Liberation of the coarse galena in the circuit

improved when using screens (Figure 145). High liberation of the valuable minerals is desirable to

achieve a high recovery. Additionally, the flotation feed when screening also had less ultrafine galena

(Figure 144), therefore, the reagent starvation effects reduced. This observation was based on the

trends of the batch test results, which indicated that the mere presence of ultra-fines resulted in reagent

starvation of the coarse particles.  It cannot also be discounted that more ultra-fines in the system also

increased viscosities, resulting in greater drag and coarse particle detachment. Slime coatings may

also have been an issue. A statistical analysis of the all the tests performed within this program,

presented in the following section, will aim to distinguish statistically which might be the main

mechanisms playing a role.

6.2.8 Overall Influence of batch flotation tests factors
A regression analysis was completed using Excel to identify which of the tested factors was

the main driver for the observed changes in the laboratory flotation results. Since no repeats were

completed during the flotation program, interactions were estimated following regression analysis

procedures (Napier-Munn, 2014). The lead analysis focussed on the overall recovery and the size by

recovery of the +53 -75 µm and +38 -53 µm size fractions. In the case of the silver, the analysis was

completed only for the overall recovery data. This analysis was used to explore both the individual
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effects of different factors, their interactions, and to develop a regression model to evaluate the

significance of the selected parameters on the recovery response.

For lead, the overall average recovery with hydrocyclones including all the tests was 90.1%,

with a minimum of 85.4% and a maximum of 93.6%; with screens the estimated lead average

recovery was 95.2%, with a minimum of 93.5% and a maximum of 96.2%.

It is important to remark that the average, minimum and maximum values included all the

tests, without discerning between any of the tested factors. The lead recovery values were consistently

higher when operating with screens, which matched the recovery trends, reported in Chapter 5.

Figure 162 and Figure 163 present the average lead recovery observed at the low and high

condition of each factor for the +53 -75 µm and +38 -53 µm size fraction, respectively.

Figure 162. Average lead recovery at the low and high level of each factor (+53-75 µm)



Figure 163. Average lead recovery at the low and high level of each factor (+38-53 µm)

In the case of the +53 -75 µm size fraction, lead recovery was most influenced by the size

separation device used, with average recoveries increasing by 51% when the batch test was performed

using flotation feed from the screens operation over that achieved when hydrocyclones were in

operation.

This, however, was not the only influencing variable. Screening and removing of the fines

also increased coarse particle recovery by an average of 22%.  A change in per cent solids of the feed

decreased the average recovery of this size fraction by 12%. Finally, doubling the reagent only

increased recovery by 4%.

The results for the +38 -53 µm size fraction showed similar trends but the magnitude of the

effect was less.  The classifier was again the dominant factor, increasing the average recovery by 29

percentage points when the screens replaced the hydrocyclones. Removing fine particles in the feed

to the test improved average recoveries by 21%.  Increasing percent solids decreased the average

recovery of this size class by 6%, doubling reagent, increased recoveries in the order of 5%.

The results of performing a linear regression analysis using the factors of the system for galena

recovery are shown in Table 16. It is important to mention that the intention of the analysis is not to

build a model to describe the system, but rather to understand the factors which are influencing the

observed results, providing insight into the underlying mechanisms by which coarse galena recovery

is varying in the system.



Table 16. Statistic of the regression analysis

The R squared, and adjusted R squared terms, as well as the significance of the relationships

generated from the data are reasonable for a system which only includes linear terms. Interestingly,

the analysis indicates that 91% of the +38 -53 µm size fraction of galena recovery is described by the

factors considered in the analysis. In the case of the +53 -75 µm size fraction, 99% of the problem is

described by the factors analysed in this experiment. The standard error of 6.3% and 1.8% are

reasonable for an experiment of this nature.

This analysis shows that the classifier, the presence of fines, and the percent of solids in the

cell, all play a significant role on the coarse particle recovery, with the P-value of these factors being

significant with a confidence greater than 95%. The influence of the reagent addition was not as

significant as expected; however, it should not be discarded, since the underlying mechanism by

which these factors are influencing the coarse particle galena recovery is likely complex and

interactive with multiple factors affecting the result. It is likely that the mere reduction of ultra-fines

generated when operating with screens promoted a better distribution of reagent across the galena

particles, modifying the flotation system in such a way that the reagent additions tested were enough

to float the galena particles. However, as shown in section 6.3.4, the hydrocyclone samples showed

a galena recovery improvement when additional reagent was added to the system. Therefore, the

reagent effect might be hindered by the improved results achieved with the screens, since liberation

of the feed has been shown to improve when using screens. Most variables would influence the

reagent distribution on surfaces and the viscosity of the system, which potentially impact the collision,

attachment and detachment efficiencies achieved during flotation.

Regression Statistics
Multiple R
R Square

Adjusted R Square
Standard Error
Confidence, %
Observations

Factors Coefficient Confidence, % Coefficient Confidence, %
Intercept 80.96 100.00 63.261 99.557

A: Reagent 2.33 82.78 -1.902 85.509
B: %Solids -2.84 89.53 -6.097 95.408
C: Scalping 10.58 99.99 11.007 97.454
D: Device 14.66 100.00 25.709 98.909

Device * Scalping 5.83 99.96 8.596 95.202

0.9163
6.2956
99.998

16

0.9999
0.9998
0.9967
1.7621
95.663

16

-53+38 µm Recovery % -75+53 µm Recovery %
0.9746
0.9498



In both size fractions, the interaction between the removal of ultra-fines and the classifier was

significant with a confidence greater than 95%, and the magnitude of the coefficient increased for the

coarser size fraction analysed. This correlates with the results observed in section 6.2.6, which

showed that the mere removal of ultrafine particles increased the recovery of the coarser size

fractions, independent of the classifier used to produce the sample.

6.3 Discussion
The performance of a given flotation circuit can be evaluated by analysing its recovery by

size curve. This relationship is often found to be reasonably constant for a site processing a particular

ore type under similar plant conditions (Bazin et al., 1994; R. and Vien, 1999; Runge et al., 2007;

Runge et al., 2014b; Runge et al., 2012; Sosa-Blanco et al., 1999, 2000; Trahar, 1976, 1981). The

degree of preferential breakage of an ore was also often found to remain constant with grind size

(Bazin et al., 1994; Runge et al., 2007; Runge et al., 2014a; Runge et al., 2014b).

The results of this work have shown that these rules no longer apply when the size separation

principle is changed. Replacement of hydrocyclones with screens has previously been shown to

improve classification efficiency and breakage rates, allowing an increase in throughput and grinding

circuit energy efficiency (Dündar et al., 2014; Valine and Wennen, 2002; Valine et al., 2009). In this

work it has been demonstrated that the change also results in more targeted breakage of the coarser

composite mineralised particles and less overgrinding of the valuable mineral.

By reducing the density influence and classifying according to size alone, the overall

liberation characteristics of the flotation feed have been shown to improve. This last observation helps

build the understanding of how to best prepare the ore to maximise the recovery of the valuable

minerals. On one side, the data agreed with the evidence showed by previous researchers, in which

liberation remains constant at fine size classes (Manlapig et al., 1985). However, a statistically

verifiable improvement in liberation occurred in the coarser size fractions, which differs from

Vizcarra et al. (2010). Fundamentally, the liberation improved due to the reduction of the influence

of density on the sizing process in the classification stage. In the case of Vizcarra’s work, the

liberation was evaluated as a consequence of pure breakage, without any recirculating stream

occurring in between the breakage steps.

The different sizing principles evaluated also resulted in less production of ultra-fines. A

reduction in the generation of ultra-fines resulted in a better reagent distribution onto coarse particle



surfaces and a lower viscosity in the pulp. These changes promoted significant improvements in the

coarse particle recovery of galena.

Traditionally grinding circuits have been designed to achieve a particular feed P80. This work

demonstrates how it is not just the grinding product particle size that matters. Grinding circuit design

can affect the degree of mineral preferential breakage, the degree of liberation, and the amount of

ultra-fines that are produced. These properties have a significant impact on flotation recoveries.

Grinding circuits should be designed to minimise grinding of gangue and maximise size reduction of

the composite valuable mineral. To do this, grinding circuit analysis must be performed considering

the mineral distribution and liberation produced. Density effects occurring in the sizing stage need to

be minimised, so classification efficiencies can be improved and grinding processes that produce

excessive fines avoided.

When performing laboratory evaluations to predict flotation circuit performance, it is

important to not just consider P80 when describing the comminution product. The shape of the particle

size distribution of the overall mass and the minerals of interest also matters. The data showed that

even when achieving similar P80’s with respect to mass, the mineral distribution generated using

hydrocyclones or screens was completely different.

6.4 Conclusions
In this chapter, the aim was to investigate the potential drivers for the change in coarse galena

recovery, observed when screens replaced hydrocyclones in a comminution circuit. Coarse being

defined as the galena in the +53 -75 µm and +38 -53 µm size fractions. Samples from the flotation

feed were collected prior to reagent addition from both comminution circuits, floated in the

laboratory, and the results were compared with surveyed data. Experimental results showed that the

trends measured in the plant were real and reproducible in the laboratory tests.  Therefore, it was

concluded that exploring the mechanisms by which coarse particle recovery was changing in the

circuit in the laboratory was a valid approach.

A two-level factorial laboratory batch flotation program was completed with samples

collected from the circuit when either screens or hydrocyclones were used for classification.  In these

tests the reagent dosage, percent solids, and proportion of ultrafine material in the flotation cell were

varied.

The results demonstrated that, under the boundary conditions of the experiment, the main

factor affecting the coarse galena recovery were related to the classifier used in the preparation of the



ore. Screens achieved a more efficient size separation than hydrocyclones. It was shown that screens

produced a feed with improved liberation of the coarser particles.  Because of the density difference

between the liberated galena and gangue when operating with hydrocyclones, the coarse liberated

galena was preferentially sent back to the mill and overground whilst the lighter composited galena

particles were sent preferentially to flotation, generating a less liberated comminution product or

flotation feed. Screens also generated a comminution product with less ultra-fines. As shown in the

experimental program, the mere presence of ultra-fines reduced coarse particle recovery. Based on

the recovery by size, and the statistical analysis, it was concluded that both improved liberation and

lower proportion of ultra-fines in the flotation feed were the major factors responsible for the

improved recovery when screens replaced hydrocyclones in grinding circuit classification.

The reduced coarse particle recovery of lead in the presence of ultra-fine particles, was

attributed to a different reagent distribution onto the coarse particle surfaces. Evidence of reagent

starvation was observed in the tests containing a high proportion of ultra-fine galena (i.e.

hydrocyclones). In this scenario, reagent increases improved coarse galena recoveries. Ultra-fines

affected viscosity and modified the shear rates in the system or produced slime coatings, which

interfere with the collector, and potential detachment of coarse galena could not be ruled out.

Although this evaluation of the system does not conclusively determine all the mechanisms by which

the application of screens improved coarse particle recovery in the circuit, it provided significant

clues that can be investigated in future research.  If coarse particle recovery can be shown more

generally to increase significantly with improved classification efficiencies, there will be a potential

to do mineral processing at coarser sizes, improving comminution throughputs, reducing energy

requirements, and improving dewatering efficiencies in downstream processing.



Chapter 7 Conclusions
7.1 Summary
The aim of this study was to investigate the impact of classification efficiency on

comminution product and flotation recovery. The motivation underlying this work was to understand

potential alternatives to maximise the recovery of the valuable minerals while following a processing

route that increased sustainability. Traditionally, comminution, classification and flotation are studied

as independent operational units. However, in a real process these three units interact to achieve a

single purpose: the liberation and recovery of the valuable minerals from the gangue. Understanding

how classification efficiency modifies the energy consumption and ore preparation can potentially

enhance valuable mineral recovery. Furthermore, it can also provide new ideas on how to get the best

out of our current and future size separation devices, and their interactions with the comminution and

flotation units.

A general hypothesis central to this thesis was that more efficient energy use and better ore

preparation can be achieved by improving classification efficiency. This hypothesis was investigated

by assessing classifier performance on real operational case studies. Including an assessment of

variability within a hydrocyclone nest, as well as a direct comparison and measurement of the

differences between screens and hydrocyclones. The observed differences were explained in terms

of size specific energy, classification efficiency, recovery performance and drivers behind the

observed changes in the flotation response.

In Chapter 4, two data sets were collected by surveying a hydrocyclone nest, as well as a

rougher flotation circuit. Classification efficiency variability and its impact on energy use and copper

recovery was assessed by modelling the comminution circuit performance at different classification

efficiency regimes and throughput increases. A simplified economic assessment was completed to

estimate a potential 1.7% increase in revenue when the classification efficiency was improved.

Recovery was estimated for the simulated scenarios following a Bazin technique. From the survey

datasets, it was found that the classification performance displayed an inconsistent behaviour. It was

also found that even when variations of P80 of the flotation feed occurred over a 100 µm range, it did

not change the size by recovery curve profile. Consequently, the final recovery of copper was a strong

function of the P80. It was also found that if the recovery by size curve remained constant, ± 1.0 %

increase in recovery can be expected for every 10 µm reduction in P80 of the flotation feed. Under the



boundaries of the simulations, the data suggested the existence of a potential benefit by improving

classification efficiency on both comminution and flotation performance. In the comminution circuit,

a 3.1% reduction of the size specific energy occurred when improving classification efficiency. The

modelled results indicated that this is a consequence of the energy being spent on those particles that

required further breakage, instead of recirculating a significant proportion of particles that already

reached the desired size criteria. Consequently, a finer product was sent to the flotation circuit. The

recovery assessment using the Bazin technique showed that increases in flotation recovery can

potentially be achieved, while increasing the throughput. Based on the simplified economic

estimation, the potential revenue increase when improving classification efficiency was estimated as

3.4%. It is important to keep in mind that this value was estimated considering current copper prices,

the throughput rate evaluated, and the recovery efficiency of the rougher circuit. It does not include

any considerations regarding the additional costs that could be generated by implementing this

potential increase in revenue, since it was out of the scope of the study.

In Chapter 5, a comparison between hydrocyclones and screens was presented. The aim of

this case study was not to simulate, but rather measure the consequences of operating a comminution

and flotation circuit with different size separation devices. In the comminution circuit, it was observed

that an increase in throughput of the order of 20% was achieved by replacing the hydrocyclones with

screens in the ball milling node. The size specific energy assessment demonstrated that screens have

the potential to achieve similar energy efficiency, but at a higher throughput rate in comparison with

hydrocyclones. Therefore, the throughput increase was due to a coarsening of the product, not only

due to an increase in efficiency. The data also showed that energy performance when using screens

was highly sensitive to the percentage of solids in the ball mill. Due to the differences in size

separation principles between hydrocyclones and screens, the size of the circulating loads was

significantly reduced for screens. This reduced the preferential grinding of the valuable minerals.

Therefore, a steeper grinding product of the valuable minerals was sent to downstream processing.

Consequently, an improvement in flotation recovery of 8.6% occurred for galena. However, a

detrimental effect of 6.3% loss of recovery occurred for the silver minerals. It was found that the size

by recovery curve profile of the lead and silver changed when operating with screens. A recovery

improvement of galena coarser than 53 µm occurred. This was found to be statistically significant

with 95% of confidence. In the case of silver, even when a change in the recovery by size also

occurred, it was not as high as that observed for the galena. The silver had an overall reduction in



recovery which seemed to be driven by the coarser mineral size distribution of the silver in the

flotation feed.

Chapter 6 presented a case study aiming to identify the potential drivers of the observed

changes in flotation performance. Two sets of samples were analysed using MLA. The samples were

collected across the ball mill node when operating with screens or hydrocyclones. The MLA analysis

was completed on a size-by-size basis. The results demonstrated that the liberation of galena was

significantly improved in the coarser size fractions when operating with screens. This observation

was demonstrated with 95% of confidence. This provides evidence that the ore was better prepared

for the final separation stage by using a screen. This was due to the significant reduction of the density

bias in the classification process achieved when screening. When using hydrocyclones, the density

of the particles plays a fundamental role, therefore, high density particles, such as galena, will

preferentially report to the coarse product, thus being overground.

Additionally, a lab scale flotation program was completed following a factorial design

approach. The study aimed to map the influence of the reagent dosage, percentage of solids, the

influence of the presence of ultra-fine particles as well as the size separation device used to prepare

the sample (hydrocyclones or screens). The experiment generated two main observations: that reagent

starvation phenomena occurred due to the presence of ultrafine particles. And in general, samples

prepared with screens achieved a more consistent flotation performance, due to their improved

liberation properties, thus reducing recovery variability.

In conclusion, the case study demonstrated that improving classification efficiency not only

of the overall mass, but also of the valuable minerals, can lead to liberation improvements of the

flotation feed.  The case study also showed that reducing the generation of ultra-fine particles reduced

the reagent starvation phenomena, thus improving coarse particle recovery.

The observed liberation improvement highlights the potential benefits of designing the

comminution circuits to fit the purpose of preparation of the ore in the best possible manner for

downstream processing, instead of aiming for size reduction only. The results presented in this thesis

highlight the necessity for designing new or more robust classifiers, with improved classification

efficiency, minimising the density bias effect.  It is important when developing new means of

classification that the impact of the classifier on the valuable mineral size and degree of liberation is

evaluated, especially when dealing with high-density minerals such as galena.



The major conclusion of this thesis can be summarised as: improving classification efficiency

can promote improvements across both the comminution and flotation circuits. When the size

separation is more efficient, the energy available for size reduction will be spent on particles that

require further breakage or size reduction. Therefore, the comminution product can be better prepared

for flotation. The benefits can be either improved liberation properties for high dense mineral species,

such as galena; or a significant reduction in the generation of ultra-fine particles, which reduces the

reagent starvation phenomena and its detrimental effects on flotation recovery.

The second significant conclusion is that changing the classification changes the recovery by

size profile due to a change in the liberation by size, specifically at the coarser sizes (>50 µm in this

case). This contrasts with previous studies that did not include changes in classification.

7.2 Recommendations for future work
To further establish the role of classification efficiency on ore preparation and flotation

performance, the following work is recommended:

· Develop a laboratory scale methodology capable of incorporating a closed circuit

milling configuration and a classification stage. The development of a technique or

methodology of this nature would allow the investigation of different classifiers and

their effects in the preparation different ore types and commodities. If developed, this

methodology would enable the evaluation of the effect of classification efficiency on

recovery for design purposes, as well as provide cost and time advantages in

comparison with full scale testing.

· Develop and integrate into mineral processing simulators a new classification

efficiency and a ball mill model capable of accounting for the density of the valuable

minerals in the comminution stage. If the density of the valuable minerals were

integrated into both models, the prediction of the coarsening of the valuable minerals

would be possible, opening a new way of investigating the links between comminution

and flotation performance in the modelling space.



· Investigate the influence of classification efficiency on alternative comminution

devices performance, such as the Vertimill, vertical roller mills, or the VeRo

Liberator. Specifically, on how the liberation of the valuable minerals is affected when

such devices operate in closed circuit configuration.

· Investigate the application of hybrid classification stages aimed at tailoring the ore

preparation for the separation process (flotation or leaching). Since every ore requires

specific conditions to unlock their recovery potential, hybrid classification

arrangements could enable a specific preparation route, by tailoring the valuable

mineral size distribution to maximise the recovery of the valuable species.

· Investigate means to improve hydrocyclone efficiency. Since the hydrocyclone is the

work horse of the industry, the poor efficiency showed in large units opens an area of

opportunity, since it is not well understood.

· Investigate the impact of an air classifier on density and surface oxidation of the

valuable mineral bearing particles.
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Appendixes



Appendix 1. Cadia Valley Operation
This appendix included the following data:

· Hydrocyclone Survey Data

· Flotation Survey Data

· Comminution Circuit Simulations
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Hydrocyclone Survey Data

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 1.5 1.5 98.5 0.140 0.002 0.9 99.1
425 300 357.1 4.6 6.1 93.9 0.130 0.006 2.6 96.5
300 212 252.2 10.2 16.3 83.7 0.130 0.013 5.7 90.8
212 150 178.3 13.6 29.8 70.2 0.140 0.019 8.2 82.5
150 106 126.1 11.3 41.1 58.9 0.159 0.018 7.8 74.8
106 75 89.2 8.7 49.8 50.2 0.198 0.017 7.5 67.3
75 53 63.0 7.9 57.8 42.2 0.249 0.020 8.5 58.7
53 38 44.9 6.5 64.3 35.7 0.298 0.019 8.4 50.3
38 20 27.6 8.2 72.5 27.5 0.343 0.028 12.2 38.1
20 10 14.1 27.5 100.0 0.0 0.320 0.088 38.1 0.0

100.0 - - - 0.231 100.0 -TOTAL

Cyc OF A
%Retained % Cum Retained % Cum Passing

Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 1.4 1.4 98.6 0.140 0.002 0.9 99.1
425 300 357.1 5.1 6.5 93.5 0.120 0.006 2.8 96.3
300 212 252.2 11.2 17.7 82.3 0.128 0.014 6.5 89.8
212 150 178.3 14.0 31.7 68.3 0.147 0.021 9.4 80.4
150 106 126.1 11.3 43.0 57.0 0.156 0.018 8.1 72.3
106 75 89.2 8.6 51.7 48.3 0.203 0.018 8.0 64.3
75 53 63.0 8.0 59.6 40.4 0.240 0.019 8.7 55.6
53 38 44.9 6.5 66.1 33.9 0.283 0.018 8.3 47.3
38 20 27.6 8.3 74.4 25.6 0.334 0.028 12.6 34.7
20 10 14.1 25.6 100.0 0.0 0.297 0.076 34.7 0.0

100.0 - - - 0.219 100.0 -

Cyc OF B

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 1.1 1.1 98.9 0.130 0.001 0.6 99.4
425 300 357.1 4.4 5.5 94.5 0.130 0.006 2.5 96.9
300 212 252.2 10.1 15.6 84.4 0.131 0.013 5.7 91.2
212 150 178.3 13.2 28.8 71.2 0.141 0.019 8.1 83.1
150 106 126.1 11.1 39.9 60.1 0.150 0.017 7.2 75.9
106 75 89.2 8.8 48.8 51.2 0.191 0.017 7.3 68.6
75 53 63.0 8.0 56.8 43.2 0.243 0.019 8.4 60.2
53 38 44.9 6.6 63.4 36.6 0.284 0.019 8.1 52.1
38 20 27.6 8.1 71.5 28.5 0.331 0.027 11.7 40.4
20 10 14.1 28.5 100.0 0.0 0.328 0.093 40.4 0.0

100.0 - - - 0.231 100.0 -

Cyc OF C

TOTAL

%Retained % Cum Retained % Cum Passing
Cu
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Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 0.5 0.5 99.5 0.160 0.001 0.3 99.7
425 300 357.1 1.8 2.3 97.7 0.150 0.003 1.1 98.6
300 212 252.2 3.7 5.9 94.1 0.140 0.005 2.1 96.6
212 150 178.3 6.7 12.6 87.4 0.140 0.009 3.7 92.8
150 106 126.1 9.4 22.0 78.0 0.130 0.012 4.9 87.9
106 75 89.2 9.8 31.8 68.2 0.160 0.016 6.3 81.6
75 53 63.0 10.4 42.2 57.8 0.210 0.022 8.8 72.9
53 38 44.9 9.1 51.3 48.7 0.270 0.025 9.8 63.0
38 20 27.6 11.8 63.1 36.9 0.347 0.041 16.3 46.7
20 10 14.1 36.9 100.0 0.0 0.316 0.117 46.7 0.0

100.0 - - - 0.250 100.0 -TOTAL

Cyc OF D
%Retained % Cum Retained % Cum Passing

Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 1.1 1.1 98.9 0.140 0.002 0.6 99.4
425 300 357.1 4.2 5.3 94.7 0.130 0.005 2.3 97.1
300 212 252.2 9.6 15.0 85.0 0.140 0.013 5.6 91.4
212 150 178.3 12.6 27.6 72.4 0.140 0.018 7.4 84.1
150 106 126.1 11.3 38.8 61.2 0.159 0.018 7.5 76.6
106 75 89.2 9.2 48.0 52.0 0.200 0.018 7.7 68.9
75 53 63.0 8.5 56.5 43.5 0.242 0.021 8.6 60.3
53 38 44.9 6.9 63.5 36.5 0.290 0.020 8.4 52.0
38 20 27.6 8.4 71.9 28.1 0.347 0.029 12.2 39.7
20 10 14.1 28.1 100.0 0.0 0.339 0.095 39.7 0.0

100.0 - - - 0.240 100.0 -

Cyc OF F

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
600 425 505.0 0.6 0.6 99.4 0.150 0.001 0.4 99.6
425 300 357.1 2.6 3.2 96.8 0.130 0.003 1.4 98.2
300 212 252.2 7.9 11.1 88.9 0.129 0.010 4.1 94.1
212 150 178.3 12.3 23.4 76.6 0.139 0.017 7.0 87.1
150 106 126.1 12.0 35.3 64.7 0.157 0.019 7.7 79.4
106 75 89.2 10.6 46.0 54.0 0.187 0.020 8.1 71.3
75 53 63.0 11.2 57.2 42.8 0.263 0.029 12.1 59.2
53 38 44.9 8.2 65.4 34.6 0.341 0.028 11.4 47.8
38 20 27.6 11.7 77.1 22.9 0.399 0.047 19.1 28.7
20 10 14.1 22.9 100.0 0.0 0.306 0.070 28.7 0.0

100.0 - - - 0.244 100.0 -

Cyc 2004 OF

TOTAL

%Retained % Cum Retained % Cum Passing
Cu



Juan José Frausto González V

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.5 2.5 97.5 0.141 0.003 1.3 98.7
4750 3350 3989.0 1.2 3.7 96.3 0.149 0.002 0.7 98.1
3350 2360 2811.8 1.5 5.2 94.8 0.213 0.003 1.2 96.9
2360 1700 2003.0 2.2 7.4 92.6 0.266 0.006 2.1 94.8
1700 1180 1416.3 3.5 10.9 89.1 0.250 0.009 3.2 91.6
1180 850 1001.5 4.2 15.1 84.9 0.241 0.010 3.7 87.9
850 600 714.1 7.5 22.6 77.4 0.227 0.017 6.2 81.7
600 425 505.0 10.3 32.9 67.1 0.224 0.023 8.4 73.2
425 300 357.1 16.0 48.9 51.1 0.234 0.037 13.6 59.6
300 212 252.2 16.7 65.5 34.5 0.244 0.041 14.8 44.8
212 150 178.3 10.3 75.8 24.2 0.278 0.029 10.4 34.4
150 106 126.1 7.1 82.9 17.1 0.332 0.024 8.6 25.8
106 75 89.2 4.2 87.1 12.9 0.446 0.019 6.8 19.0
75 53 63.0 2.5 89.7 10.3 0.492 0.012 4.6 14.4
53 38 44.9 1.6 91.3 8.7 0.490 0.008 2.9 11.6
38 20 27.6 1.7 93.0 7.0 0.467 0.008 2.9 8.7
20 10 14.1 7.0 100.0 0.0 0.339 0.024 8.7 0.0

100.0 - - - 0.274 100.0 -

UF A

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.7 2.7 97.3 0.526 0.014 4.9 95.1
4750 3350 3989.0 1.3 4.0 96.0 0.169 0.002 0.8 94.3
3350 2360 2811.8 1.6 5.5 94.5 0.300 0.005 1.6 92.7
2360 1700 2003.0 2.2 7.8 92.2 0.265 0.006 2.1 90.7
1700 1180 1416.3 3.4 11.2 88.8 0.240 0.008 2.8 87.8
1180 850 1001.5 4.1 15.3 84.7 0.230 0.010 3.3 84.5
850 600 714.1 7.3 22.6 77.4 0.221 0.016 5.6 78.9
600 425 505.0 10.1 32.7 67.3 0.222 0.022 7.8 71.1
425 300 357.1 14.9 47.6 52.4 0.220 0.033 11.4 59.7
300 212 252.2 16.0 63.6 36.4 0.246 0.039 13.7 46.0
212 150 178.3 10.1 73.7 26.3 0.279 0.028 9.8 36.2
150 106 126.1 7.0 80.7 19.3 0.343 0.024 8.4 27.8
106 75 89.2 4.4 85.1 14.9 0.460 0.020 7.0 20.8
75 53 63.0 2.7 87.8 12.2 0.526 0.014 4.9 16.0
53 38 44.9 1.7 89.4 10.6 0.502 0.008 2.9 13.1
38 20 27.6 1.7 91.1 8.9 0.483 0.008 2.8 10.3
20 10 14.1 8.9 100.0 0.0 0.331 0.029 10.3 0.0

100.0 - - - 0.287 100.0 -

UF B

TOTAL

%Retained % Cum Retained % Cum Passing
Cu



Juan José Frausto González VI

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 3.3 3.3 96.7 0.266 0.009 3.2 96.8
4750 3350 3989.0 1.4 4.7 95.3 0.160 0.002 0.8 96.0
3350 2360 2811.8 1.6 6.3 93.7 0.258 0.004 1.5 94.5
2360 1700 2003.0 2.3 8.7 91.3 0.270 0.006 2.3 92.2
1700 1180 1416.3 3.6 12.2 87.8 0.235 0.008 3.1 89.1
1180 850 1001.5 4.3 16.6 83.4 0.245 0.011 3.9 85.2
850 600 714.1 7.8 24.3 75.7 0.229 0.018 6.5 78.7
600 425 505.0 10.7 35.0 65.0 0.222 0.024 8.6 70.1
425 300 357.1 15.9 50.9 49.1 0.224 0.036 13.0 57.2
300 212 252.2 16.6 67.5 32.5 0.234 0.039 14.1 43.1
212 150 178.3 10.1 77.6 22.4 0.283 0.029 10.5 32.6
150 106 126.1 6.8 84.5 15.5 0.346 0.024 8.6 24.0
106 75 89.2 3.9 88.4 11.6 0.460 0.018 6.6 17.5
75 53 63.0 2.3 90.7 9.3 0.507 0.012 4.3 13.2
53 38 44.9 1.4 92.1 7.9 0.516 0.007 2.7 10.5
38 20 27.6 1.4 93.6 6.4 0.479 0.007 2.5 8.0
20 10 14.1 6.4 100.0 0.0 0.340 0.022 8.0 0.0

100.0 - - - 0.275 100.0 -TOTAL

UF C
%Retained % Cum Retained % Cum Passing

Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.5 2.5 97.5 0.390 0.010 3.5 96.5
4750 3350 3989.0 1.2 3.6 96.4 0.169 0.002 0.7 95.8
3350 2360 2811.8 1.4 5.0 95.0 0.320 0.004 1.6 94.3
2360 1700 2003.0 2.0 7.0 93.0 0.265 0.005 1.9 92.4
1700 1180 1416.3 3.2 10.1 89.9 0.246 0.008 2.8 89.5
1180 850 1001.5 3.8 13.9 86.1 0.241 0.009 3.3 86.2
850 600 714.1 6.8 20.8 79.2 0.221 0.015 5.4 80.8
600 425 505.0 9.5 30.3 69.7 0.222 0.021 7.6 73.2
425 300 357.1 15.4 45.7 54.3 0.224 0.034 12.4 60.7
300 212 252.2 17.2 62.8 37.2 0.225 0.039 14.0 46.8
212 150 178.3 11.7 74.5 25.5 0.253 0.030 10.7 36.1
150 106 126.1 7.9 82.4 17.6 0.314 0.025 8.9 27.2
106 75 89.2 4.5 86.8 13.2 0.436 0.019 7.0 20.2
75 53 63.0 2.6 89.5 10.5 0.504 0.013 4.8 15.4
53 38 44.9 1.6 91.1 8.9 0.507 0.008 2.9 12.5
38 20 27.6 1.7 92.7 7.3 0.503 0.008 3.0 9.5
20 10 14.1 7.3 100.0 0.0 0.362 0.026 9.5 0.0

100.0 - - - 0.277 100.0 -

UF D

TOTAL

%Retained % Cum Retained % Cum Passing
Cu



Juan José Frausto González VII

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.8 2.8 97.2 0.205 0.006 2.1 97.9
4750 3350 3989.0 1.1 3.9 96.1 0.128 0.001 0.5 97.4
3350 2360 2811.8 1.5 5.4 94.6 0.259 0.004 1.4 96.0
2360 1700 2003.0 2.2 7.6 92.4 0.276 0.006 2.1 93.9
1700 1180 1416.3 3.4 11.0 89.0 0.241 0.008 3.0 91.0
1180 850 1001.5 4.3 15.3 84.7 0.242 0.010 3.7 87.3
850 600 714.1 7.7 23.0 77.0 0.232 0.018 6.4 80.9
600 425 505.0 10.5 33.5 66.5 0.230 0.024 8.6 72.3
425 300 357.1 16.1 49.6 50.4 0.229 0.037 13.2 59.1
300 212 252.2 16.6 66.2 33.8 0.244 0.041 14.5 44.6
212 150 178.3 10.4 76.6 23.4 0.291 0.030 10.8 33.8
150 106 126.1 6.9 83.5 16.5 0.351 0.024 8.6 25.2
106 75 89.2 4.0 87.5 12.5 0.465 0.018 6.6 18.6
75 53 63.0 2.4 89.8 10.2 0.516 0.012 4.3 14.3
53 38 44.9 1.5 91.3 8.7 0.529 0.008 2.8 11.4
38 20 27.6 1.5 92.8 7.2 0.477 0.007 2.6 8.8
20 10 14.1 7.2 100.0 0.0 0.345 0.025 8.8 0.0

100.0 - - - 0.280 100.0 -

UF F

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.4 2.4 97.6 0.167 0.004 1.5 98.5
4750 3350 3989.0 1.1 3.5 96.5 0.169 0.002 0.7 97.8
3350 2360 2811.8 1.4 5.0 95.0 0.233 0.003 1.2 96.6
2360 1700 2003.0 2.1 7.1 92.9 0.271 0.006 2.1 94.5
1700 1180 1416.3 3.3 10.3 89.7 0.254 0.008 3.0 91.5
1180 850 1001.5 4.0 14.3 85.7 0.236 0.009 3.4 88.0
850 600 714.1 7.1 21.4 78.6 0.222 0.016 5.8 82.3
600 425 505.0 10.0 31.3 68.7 0.223 0.022 8.1 74.1
425 300 357.1 15.7 47.1 52.9 0.220 0.035 12.7 61.5
300 212 252.2 16.8 63.9 36.1 0.234 0.039 14.4 47.1
212 150 178.3 10.8 74.6 25.4 0.278 0.030 11.0 36.1
150 106 126.1 7.2 81.8 18.2 0.341 0.025 9.0 27.1
106 75 89.2 4.2 86.0 14.0 0.455 0.019 7.0 20.1
75 53 63.0 2.4 88.4 11.6 0.518 0.012 4.5 15.6
53 38 44.9 1.5 89.9 10.1 0.477 0.007 2.6 13.0
38 20 27.6 1.8 91.6 8.4 0.431 0.008 2.8 10.2
20 10 14.1 8.4 100.0 0.0 0.333 0.028 10.2 0.0

100.0 - - - 0.273 100.0 -TOTAL

Cyc 2004 UF
%Retained % Cum Retained % Cum Passing

Cu



Juan José Frausto González VIII

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 1.9 1.9 98.1 0.142 0.003 1.0 99.0
4750 3350 3989.0 0.9 2.8 97.2 0.149 0.001 0.5 98.4
3350 2360 2811.8 1.2 4.0 96.0 0.213 0.003 0.9 97.5
2360 1700 2003.0 1.7 5.7 94.3 0.266 0.005 1.7 95.8
1700 1180 1416.3 2.7 8.4 91.6 0.250 0.007 2.5 93.3
1180 850 1001.5 3.2 11.6 88.4 0.241 0.008 2.9 90.3
850 600 714.1 5.8 17.4 82.6 0.227 0.013 5.0 85.3
600 425 505.0 8.3 25.7 74.3 0.221 0.018 6.9 78.4
425 300 357.1 13.3 39.1 60.9 0.225 0.030 11.4 67.0
300 212 252.2 15.2 54.2 45.8 0.226 0.034 13.0 54.1
212 150 178.3 11.1 65.3 34.7 0.239 0.026 10.0 44.1
150 106 126.1 8.0 73.3 26.7 0.276 0.022 8.4 35.7
106 75 89.2 5.2 78.6 21.4 0.352 0.018 7.0 28.7
75 53 63.0 3.8 82.4 17.6 0.375 0.014 5.4 23.3
53 38 44.9 2.7 85.1 14.9 0.385 0.011 4.0 19.3
38 20 27.6 3.2 88.3 11.7 0.393 0.012 4.7 14.6
20 10 14.1 11.7 100.0 0.0 0.329 0.039 14.6 0.0

100.0 - - - 0.264 100.0 -

Cyc Feed A

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.1 2.1 97.9 0.525 0.011 4.0 96.0
4750 3350 3989.0 1.0 3.2 96.8 0.169 0.002 0.6 95.3
3350 2360 2811.8 1.2 4.4 95.6 0.300 0.004 1.3 94.0
2360 1700 2003.0 1.8 6.1 93.9 0.265 0.005 1.7 92.2
1700 1180 1416.3 2.7 8.8 91.2 0.240 0.006 2.4 89.9
1180 850 1001.5 3.3 12.1 87.9 0.230 0.007 2.7 87.1
850 600 714.1 5.8 17.9 82.1 0.221 0.013 4.7 82.5
600 425 505.0 8.2 26.1 73.9 0.219 0.018 6.6 75.9
425 300 357.1 12.8 38.9 61.1 0.211 0.027 9.9 66.0
300 212 252.2 15.0 53.9 46.1 0.227 0.034 12.5 53.5
212 150 178.3 10.9 64.9 35.1 0.244 0.027 9.8 43.7
150 106 126.1 7.9 72.8 27.2 0.286 0.023 8.3 35.4
106 75 89.2 5.3 78.0 22.0 0.371 0.020 7.2 28.2
75 53 63.0 3.8 81.8 18.2 0.399 0.015 5.5 22.7
53 38 44.9 2.7 84.5 15.5 0.390 0.010 3.8 18.9
38 20 27.6 3.1 87.6 12.4 0.398 0.012 4.5 14.4
20 10 14.1 12.4 100.0 0.0 0.316 0.039 14.4 0.0

100.0 - - - 0.273 100.0 -

Cyc Feed B

TOTAL

% Cum Passing
Cu

%Retained % Cum Retained



Juan José Frausto González IX

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.5 2.5 97.5 0.266 0.007 2.5 97.5
4750 3350 3989.0 1.0 3.5 96.5 0.160 0.002 0.6 96.9
3350 2360 2811.8 1.2 4.7 95.3 0.258 0.003 1.2 95.7
2360 1700 2003.0 1.7 6.4 93.6 0.270 0.005 1.8 93.9
1700 1180 1416.3 2.7 9.1 90.9 0.235 0.006 2.4 91.6
1180 850 1001.5 3.2 12.3 87.7 0.245 0.008 3.0 88.6
850 600 714.1 5.8 18.0 82.0 0.229 0.013 5.0 83.6
600 425 505.0 8.2 26.2 73.8 0.219 0.018 6.8 76.8
425 300 357.1 12.9 39.1 60.9 0.216 0.028 10.6 66.2
300 212 252.2 14.9 54.0 46.0 0.216 0.032 12.2 54.0
212 150 178.3 10.9 64.9 35.1 0.238 0.026 9.9 44.1
150 106 126.1 7.9 72.9 27.1 0.275 0.022 8.3 35.9
106 75 89.2 5.2 78.1 21.9 0.341 0.018 6.7 29.1
75 53 63.0 3.8 81.9 18.1 0.363 0.014 5.2 23.9
53 38 44.9 2.8 84.6 15.4 0.373 0.010 3.9 20.0
38 20 27.6 3.2 87.8 12.2 0.381 0.012 4.6 15.4
20 10 14.1 12.2 100.0 0.0 0.333 0.041 15.4 0.0

100.0 - - - 0.264 100.0 -

Cyc Feed C

TOTAL

%Retained % Cum Retained % Cum Passing
Cu

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.1 2.1 97.9 0.390 0.008 3.0 97.0
4750 3350 3989.0 1.0 3.1 96.9 0.169 0.002 0.6 96.4
3350 2360 2811.8 1.2 4.2 95.8 0.320 0.004 1.4 95.1
2360 1700 2003.0 1.7 5.9 94.1 0.265 0.004 1.6 93.4
1700 1180 1416.3 2.7 8.6 91.4 0.246 0.007 2.4 91.0
1180 850 1001.5 3.2 11.8 88.2 0.241 0.008 2.8 88.2
850 600 714.1 5.8 17.6 82.4 0.221 0.013 4.7 83.5
600 425 505.0 8.2 25.8 74.2 0.222 0.018 6.6 76.9
425 300 357.1 13.3 39.0 61.0 0.222 0.030 10.8 66.0
300 212 252.2 15.1 54.2 45.8 0.222 0.034 12.3 53.7
212 150 178.3 10.9 65.1 34.9 0.243 0.027 9.7 44.0
150 106 126.1 8.1 73.2 26.8 0.281 0.023 8.3 35.7
106 75 89.2 5.3 78.5 21.5 0.358 0.019 6.9 28.8
75 53 63.0 3.8 82.3 17.7 0.381 0.015 5.3 23.5
53 38 44.9 2.8 85.0 15.0 0.388 0.011 3.9 19.5
38 20 27.6 3.2 88.2 11.8 0.416 0.013 4.9 14.7
20 10 14.1 11.8 100.0 0.0 0.340 0.040 14.7 0.0

100.0 - - - 0.273 100.0 -

Cyc Feed D

TOTAL

%Retained % Cum Retained % Cum Passing
Cu
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Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.2 2.2 97.8 0.205 0.004 1.6 98.4
4750 3350 3989.0 0.8 3.0 97.0 0.129 0.001 0.4 98.0
3350 2360 2811.8 1.1 4.1 95.9 0.259 0.003 1.1 96.9
2360 1700 2003.0 1.6 5.8 94.2 0.276 0.005 1.7 95.2
1700 1180 1416.3 2.6 8.4 91.6 0.241 0.006 2.3 92.8
1180 850 1001.5 3.3 11.7 88.3 0.242 0.008 2.9 89.9
850 600 714.1 5.9 17.5 82.5 0.232 0.014 5.0 84.9
600 425 505.0 8.3 25.8 74.2 0.227 0.019 7.0 77.9
425 300 357.1 13.3 39.1 60.9 0.221 0.029 10.9 67.1
300 212 252.2 15.0 54.1 45.9 0.228 0.034 12.6 54.5
212 150 178.3 10.9 65.0 35.0 0.250 0.027 10.1 44.4
150 106 126.1 7.9 72.9 27.1 0.287 0.023 8.4 36.0
106 75 89.2 5.2 78.1 21.9 0.354 0.018 6.8 29.2
75 53 63.0 3.8 81.9 18.1 0.371 0.014 5.2 23.9
53 38 44.9 2.8 84.7 15.3 0.388 0.011 4.0 20.0
38 20 27.6 3.2 87.9 12.1 0.395 0.013 4.6 15.3
20 10 14.1 12.1 100.0 0.0 0.342 0.041 15.3 0.0

100.0 - - - 0.270 100.0 -

Cyc Feed F

TOTAL

% Cum Passing
Cu

%Retained % Cum Retained

Up Size, µm Lo Size, µm Geo M Size, µm Assay, % Contents Distribution, %  % Passing
6700 4750 5641.4 2.0 2.0 98.0 0.167 0.003 1.2 98.8
4750 3350 3989.0 0.9 2.9 97.1 0.169 0.002 0.6 98.2
3350 2360 2811.8 1.2 4.1 95.9 0.233 0.003 1.0 97.1
2360 1700 2003.0 1.7 5.9 94.1 0.271 0.005 1.8 95.4
1700 1180 1416.3 2.7 8.5 91.5 0.254 0.007 2.6 92.8
1180 850 1001.5 3.3 11.8 88.2 0.236 0.008 2.9 89.9
850 600 714.1 5.8 17.7 82.3 0.222 0.013 4.9 85.1
600 425 505.0 8.3 26.0 74.0 0.222 0.018 6.9 78.2
425 300 357.1 13.4 39.4 60.6 0.217 0.029 10.9 67.2
300 212 252.2 15.2 54.6 45.4 0.225 0.034 12.8 54.4
212 150 178.3 11.0 65.7 34.3 0.250 0.028 10.3 44.1
150 106 126.1 8.1 73.7 26.3 0.292 0.024 8.8 35.3
106 75 89.2 5.3 79.0 21.0 0.360 0.019 7.1 28.2
75 53 63.0 3.9 83.0 17.0 0.389 0.015 5.7 22.5
53 38 44.9 2.6 85.6 14.4 0.390 0.010 3.9 18.6
38 20 27.6 3.5 89.1 10.9 0.418 0.015 5.5 13.1
20 10 14.1 10.9 100.0 0.0 0.322 0.035 13.1 0.0

100.0 - - - 0.267 100.0 -

Cyc Feed 2004

TOTAL

%Retained % Cum Retained % Cum Passing
Cu
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Flotation Survey Data

T3 Cyc Survey Bucket, (g) Lid, (g) Wet weight, (g) Filter Paper, (g) Dry Weight, (g) % Solids
Feed 430.8 104.9 8750 46.1 5431.2 66.5

Cyc OF A 430.6 105.1 2350 46.1 821.7 46.5
Cyc OF B 430.5 104.8 3900 46.1 1519.6 45.8
Cyc OF C 430.4 105.3 3750 46.1 1384.2 43.7
Cyc OF D 430.7 105.5 3000 46.1 900.5 37.2
Cyc OF F 430.2 105.8 3850 46.1 1480.4 45.3

Cyc 2004 OF 431.3 105.4 4750 46.1 1761.3 42.3
OF Comb 430.7 104.9 11800 46.1 4695.5 41.9

UF A 431.4 105.6 10600 46.1 7901.2 78.9
UF B 430.7 105 13150 46.1 9918.2 78.9
UF C 431.5 104.8 11100 46.1 8457.8 80.4
UF D 431.9 105.5 8150 46.1 5888.2 77.8
UF F 431.7 105.2 9400 46.1 7238.2 82.1

Cyc 2004 UF 431.4 104.4 9200 46.1 6899.2 80.1

NS 23/2 Assays DS 10/3 Assays DS 19/2 Assays DS 9/3 Assays DS 3/2 Assays NS 3/2 Assays DS 30/1 Assays DS 4/2 Assays NS 13/2 Assays DS 25/1 Assays
Up Size, µm Lo Size, µm Geo M Size, µm % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, %

425 300 357 0.2 0.13 1.2 0.12 0.7 0.12 0.3 0.11 3.0 0.15 3.7 0.14 2.3 0.12 2.7 0.15 4.3 0.14 3.7 0.14
300 212 252 2.0 0.10 5.8 0.12 4.1 0.11 2.6 0.10 7.9 0.16 8.3 0.16 6.8 0.13 7.5 0.15 8.9 0.16 8.3 0.15
212 150 178 6.0 0.11 9.5 0.14 8.8 0.12 7.3 0.11 10.7 0.17 10.4 0.17 10.2 0.14 11.4 0.15 10.4 0.18 10.7 0.16
150 106 126 11.7 0.11 12.1 0.15 13.0 0.12 12.5 0.12 12.4 0.18 11.8 0.18 12.3 0.15 13.7 0.16 11.7 0.19 11.9 0.17
106 75 89 11.3 0.13 10.6 0.17 11.6 0.14 11.6 0.15 10.2 0.21 9.7 0.20 10.4 0.19 11.6 0.17 9.7 0.22 9.9 0.19
75 53 63 11.5 0.16 9.5 0.20 10.6 0.17 10.5 0.18 9.4 0.23 8.8 0.22 9.4 0.24 10.2 0.19 8.3 0.26 8.6 0.21
53 38 45 8.8 0.23 7.6 0.25 8.0 0.24 8.2 0.25 7.1 0.29 6.9 0.26 7.6 0.30 7.6 0.25 6.7 0.31 6.8 0.27
38 20 28 11.4 0.30 10.2 0.31 10.4 0.30 11.8 0.29 9.2 0.37 8.7 0.33 9.9 0.35 9.6 0.31 8.7 0.37 8.9 0.34
20 10 14 37.0 0.32 33.4 0.32 32.8 0.30 35.2 0.33 30.2 0.42 31.7 0.39 31.0 0.36 25.6 0.43 31.2 0.38 31.2 0.36

100.0 0.23 100.0 0.24 100.0 0.21 100.0 0.23 100.0 0.28 100.0 0.27 100.0 0.26 100.0 0.25 100.0 0.27 100.0 0.25

8 9 102 3 4 5 6 7

TOTAL

FEED
Survey 1

NS 23/2 Assays DS 10/3 Assays DS 19/2 Assays DS 9/3 Assays DS 3/2 Assays NS 3/2 Assays DS 30/1 Assays DS 4/2 Assays NS 13/2 Assays DS 25/1 Assays
Up Size, µm Lo Size, µm Geo M Size, µm % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, %

425 300 357 0.0 3.35 0.1 2.64 0.1 0.44 0.0 0.00 0.2 4.60 0.2 4.73 0.3 2.99 0.3 4.63 0.3 0.33 0.2 0.06
300 212 252 0.3 3.29 1.0 3.64 0.7 3.63 0.4 3.09 2.3 3.64 2.1 4.05 2.4 3.12 2.1 3.82 1.9 4.00 1.6 3.73
212 150 178 2.1 2.93 3.0 3.51 2.7 3.65 2.6 2.89 4.8 3.52 4.6 3.60 5.1 3.12 4.5 3.63 4.2 3.77 3.9 3.64
150 106 126 4.8 3.21 5.0 3.67 4.8 3.97 5.1 3.27 6.7 3.73 6.2 3.75 7.5 3.51 6.4 3.88 5.6 3.77 5.3 3.72
106 75 89 6.1 3.39 5.8 3.82 5.4 4.31 5.6 3.80 6.4 4.58 5.8 4.51 7.6 4.52 6.3 4.42 5.8 4.21 5.4 4.03
75 53 63 6.7 4.46 6.4 4.32 6.1 4.97 5.6 4.77 5.7 5.88 5.3 5.63 7.5 5.88 5.8 5.44 5.8 4.78 5.2 4.73
53 38 45 7.2 5.21 6.7 4.53 6.7 5.39 6.4 5.18 5.1 6.86 5.0 6.24 6.9 6.99 5.7 6.34 5.8 5.08 5.5 5.20
38 20 28 11.5 5.67 11.2 4.64 11.2 5.41 10.9 5.36 8.4 7.42 7.9 6.54 9.9 7.78 9.0 6.73 9.6 4.91 9.4 5.00
20 10 14 61.2 3.72 60.9 2.88 62.3 3.09 63.3 3.12 60.4 3.89 62.9 3.59 52.8 4.67 59.9 3.80 61.0 2.87 63.4 2.78

100.0 4.03 100.0 3.40 100.0 3.74 100.0 3.63 100.0 4.46 100.0 4.14 100.0 5.01 100.0 4.34 100.0 3.49 100.0 3.38

Survey 8 9 101 2 3 4 5 6 7

TOTAL

CONCENTRATE



Juan José Frausto González XII

NS 23/2 Assays DS 10/3 Assays DS 19/2 Assays DS 9/3 Assays DS 3/2 Assays NS 3/2 Assays DS 30/1 Assays DS 4/2 Assays NS 13/2 Assays DS 25/1 Assays
Up Size, µm Lo Size, µm Geo M Size, µm % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, % % Retained Cu, %

425 300 357 0.2 0.11 1.3 0.10 0.7 0.12 0.3 0.11 3.1 0.13 3.9 0.12 2.4 0.11 2.8 0.13 4.6 0.14 3.9 0.14
300 212 252 2.1 0.08 6.1 0.09 4.3 0.08 2.7 0.07 8.2 0.10 8.6 0.10 7.0 0.09 7.8 0.10 9.4 0.11 8.7 0.11
212 150 178 6.2 0.06 9.9 0.07 9.1 0.06 7.5 0.06 11.0 0.09 10.8 0.09 10.4 0.07 11.8 0.09 10.9 0.09 11.1 0.09
150 106 126 12.0 0.05 12.6 0.06 13.4 0.05 13.0 0.05 12.7 0.07 12.1 0.08 12.5 0.06 14.1 0.07 12.1 0.07 12.3 0.07
106 75 89 11.5 0.04 10.9 0.05 11.9 0.05 12.0 0.05 10.4 0.06 9.9 0.07 10.5 0.05 11.8 0.06 10.0 0.06 10.2 0.06
75 53 63 11.7 0.03 9.7 0.04 10.8 0.03 10.7 0.03 9.6 0.05 9.0 0.05 9.5 0.04 10.4 0.04 8.5 0.04 8.8 0.04
53 38 45 8.9 0.02 7.7 0.03 8.1 0.02 8.3 0.02 7.2 0.03 7.0 0.03 7.7 0.03 7.6 0.03 6.7 0.03 6.9 0.03
38 20 28 11.4 0.02 10.1 0.02 10.4 0.02 11.9 0.02 9.3 0.02 8.7 0.02 9.9 0.02 9.7 0.02 8.7 0.02 8.8 0.03
20 10 14 35.8 0.02 31.7 0.02 31.3 0.02 33.6 0.02 28.5 0.02 30.0 0.02 30.0 0.02 24.0 0.02 29.2 0.02 29.2 0.03

100.0 0.03 100.0 0.04 100.0 0.04 100.0 0.03 100.0 0.05 100.0 0.05 100.0 0.04 100.0 0.05 100.0 0.05 100.0 0.06

10Survey 1 2 3 4 5 6 7

TOTAL

TAILS
8 9

Upper µm Lower µm Mean µm 1 2 3 4 5 6 7 8 9 10
400 300 346 18.1 11.4 2.2 0.0 13.7 11.9 13.6 13.9 1.0 0.2
300 212 252 24.2 30.1 27.2 27.8 35.5 34.4 35.2 32.9 34.5 28.3
212 150 178 48.3 48.1 46.9 51.4 48.8 49.1 48.7 43.6 53.6 47.6
150 106 126 58.2 59.6 57.1 59.5 59.9 58.4 60.8 54.1 63.4 58.8
106 75 89 68.8 70.7 67.4 70.0 71.4 69.1 73.3 66.1 74.5 69.9
75 53 63 80.5 82.1 80.7 81.7 81.0 79.8 84.5 77.3 84.6 80.3
53 38 45 90.4 90.3 90.4 90.7 89.6 88.3 90.7 88.1 90.9 89.5
38 20 28 94.9 94.6 94.6 94.4 94.6 93.9 94.8 94.1 94.7 91.7
20 10 14 94.8 95.0 95.4 94.5 96.0 95.4 94.8 96.0 96.5 91.9

87.4 83.9 84.4 86.7 82.6 81.2 83.8 80.1 82.3 78.6

Recovery by size, %Size Range

Final Recovery



Simulation Data

Simulation Name Size Unit Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5 Simulation 6 Simulation 7 Simulation 8 Simulation 9
Cyc Feed Solids, t/h Mass t/h 6782.18 6058.98 5309.14 6910.41 6172.37 5407.06 7288.8 6506.4 5694.96

Cyc UF Solids, t/h Mass t/h 5464.88 4741.69 3991.85 5593.11 4855.07 4089.77 5971.51 5189.11 4377.68
Cyc OF Solids, t/h Mass t/h 1317.3 1317.29 1317.29 1317.3 1317.29 1317.29 1317.29 1317.29 1317.29

BM Prod Solids, t/h Mass t/h 5464.88 4741.69 3991.85 5593.11 4855.07 4089.77 5971.51 5189.11 4377.68
BM_Combiner Solids, t/h Mass t/h 5464.88 4741.69 3991.85 5593.11 4855.07 4089.77 5971.51 5189.11 4377.68

Cyc OF P80, mm Value 0.170 0.170 0.170 0.167 0.167 0.167 0.158 0.158 0.158
BM Prod P80, mm Value 0.530 0.530 0.530 0.531 0.531 0.531 0.534 0.534 0.534

BM_Combiner P80, mm Value 0.669 0.691 0.722 0.666 0.688 0.718 0.658 0.678 0.706
Cyc UF P80, mm Value 0.669 0.691 0.722 0.666 0.688 0.718 0.658 0.678 0.706

Cyc Feed 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
Cyc Feed 6.700 % Retained 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2
Cyc Feed 4.750 % Retained 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9
Cyc Feed 3.350 % Retained 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1
Cyc Feed 2.360 % Retained 97.0 97.0 96.9 97.0 97.0 96.9 97.0 97.0 96.9
Cyc Feed 1.700 % Retained 95.3 95.2 95.2 95.3 95.3 95.2 95.3 95.3 95.2
Cyc Feed 1.180 % Retained 92.4 92.3 92.1 92.4 92.3 92.2 92.5 92.4 92.2
Cyc Feed 0.850 % Retained 88.3 88.1 87.9 88.3 88.2 88.0 88.4 88.2 88.0
Cyc Feed 0.600 % Retained 81.7 81.5 81.3 81.7 81.5 81.3 81.8 81.6 81.4
Cyc Feed 0.425 % Retained 72.2 72.0 71.7 72.1 71.9 71.6 71.9 71.7 71.5
Cyc Feed 0.300 % Retained 59.5 59.3 59.1 59.1 58.9 58.7 58.1 58.0 57.8
Cyc Feed 0.212 % Retained 47.0 46.9 46.7 46.4 46.3 46.1 44.7 44.6 44.5
Cyc Feed 0.150 % Retained 36.9 36.8 36.6 36.3 36.2 36.0 34.5 34.4 34.4
Cyc Feed 0.106 % Retained 29.3 29.2 29.1 28.8 28.7 28.6 27.3 27.2 27.1
Cyc Feed 0.075 % Retained 23.9 23.8 23.7 23.4 23.4 23.3 22.2 22.2 22.1
Cyc Feed 0.053 % Retained 19.6 19.6 19.5 19.3 19.2 19.2 18.3 18.2 18.2
Cyc Feed 0.038 % Retained 16.3 16.3 16.2 16.0 16.0 16.0 15.2 15.2 15.2
Cyc Feed 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cyc UF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 9.500 % Retained 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5
Cyc UF 6.700 % Retained 99.1 99.0 99.0 99.1 99.0 99.0 99.1 99.1 99.0
Cyc UF 4.750 % Retained 98.6 98.6 98.5 98.6 98.6 98.5 98.7 98.6 98.5
Cyc UF 3.350 % Retained 97.7 97.6 97.4 97.7 97.6 97.4 97.7 97.6 97.5
Cyc UF 2.360 % Retained 96.3 96.1 95.9 96.3 96.1 95.9 96.4 96.2 96.0
Cyc UF 1.700 % Retained 94.2 93.9 93.6 94.2 94.0 93.6 94.3 94.1 93.8
Cyc UF 1.180 % Retained 90.6 90.1 89.6 90.6 90.2 89.6 90.8 90.4 89.9
Cyc UF 0.850 % Retained 85.5 84.8 84.0 85.6 84.9 84.1 85.8 85.2 84.4
Cyc UF 0.600 % Retained 77.3 76.4 75.1 77.4 76.5 75.3 77.7 76.9 75.8
Cyc UF 0.425 % Retained 65.7 64.5 62.7 65.7 64.5 62.8 65.8 64.6 63.0
Cyc UF 0.300 % Retained 50.9 49.3 47.2 50.5 49.0 46.8 49.5 48.0 46.0
Cyc UF 0.212 % Retained 37.4 35.8 33.5 36.7 35.1 32.8 34.9 33.3 31.0
Cyc UF 0.150 % Retained 27.5 26.0 23.7 26.8 25.3 23.1 24.9 23.4 21.2
Cyc UF 0.106 % Retained 20.8 19.4 17.4 20.2 18.8 16.9 18.7 17.3 15.4
Cyc UF 0.075 % Retained 16.4 15.2 13.4 15.9 14.7 13.0 14.7 13.6 11.9
Cyc UF 0.053 % Retained 13.2 12.1 10.6 12.8 11.8 10.3 11.9 10.9 9.5
Cyc UF 0.038 % Retained 10.8 9.9 8.6 10.5 9.6 8.3 9.8 8.9 7.7
Cyc UF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyc OF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 9.500 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 6.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 4.750 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 3.350 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 2.360 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.180 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.850 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.600 % Retained 99.9 99.9 99.9 99.9 99.9 99.9 100.0 100.0 100.0
Cyc OF 0.425 % Retained 99.0 99.0 99.0 99.2 99.2 99.2 99.7 99.7 99.7
Cyc OF 0.300 % Retained 95.1 95.1 95.1 95.7 95.7 95.7 97.1 97.1 97.1
Cyc OF 0.212 % Retained 86.8 86.8 86.8 87.5 87.5 87.5 89.4 89.4 89.5
Cyc OF 0.150 % Retained 75.8 75.7 75.7 76.3 76.3 76.3 77.9 78.0 78.0
Cyc OF 0.106 % Retained 64.6 64.6 64.6 65.0 65.0 65.0 66.1 66.2 66.2
Cyc OF 0.075 % Retained 55.0 55.0 55.0 55.3 55.3 55.3 56.0 56.1 56.1
Cyc OF 0.053 % Retained 46.5 46.5 46.5 46.7 46.7 46.7 47.3 47.3 47.3
Cyc OF 0.038 % Retained 39.4 39.4 39.5 39.6 39.6 39.6 40.0 40.0 40.0
Cyc OF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Base Case



Simulation Name Size Unit Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5 Simulation 6 Simulation 7 Simulation 8 Simulation 9
BM_Combiner 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 9.500 % Retained 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5
BM_Combiner 6.700 % Retained 99.1 99.0 99.0 99.1 99.0 99.0 99.1 99.1 99.0
BM_Combiner 4.750 % Retained 98.6 98.6 98.5 98.6 98.6 98.5 98.7 98.6 98.5
BM_Combiner 3.350 % Retained 97.7 97.6 97.4 97.7 97.6 97.4 97.7 97.6 97.5
BM_Combiner 2.360 % Retained 96.3 96.1 95.9 96.3 96.1 95.9 96.4 96.2 96.0
BM_Combiner 1.700 % Retained 94.2 93.9 93.6 94.2 94.0 93.6 94.3 94.1 93.8
BM_Combiner 1.180 % Retained 90.6 90.1 89.6 90.6 90.2 89.6 90.8 90.4 89.9
BM_Combiner 0.850 % Retained 85.5 84.8 84.0 85.6 84.9 84.1 85.8 85.2 84.4
BM_Combiner 0.600 % Retained 77.3 76.4 75.1 77.4 76.5 75.3 77.7 76.9 75.8
BM_Combiner 0.425 % Retained 65.7 64.5 62.7 65.7 64.5 62.8 65.8 64.6 63.0
BM_Combiner 0.300 % Retained 50.9 49.3 47.2 50.5 49.0 46.8 49.5 48.0 46.0
BM_Combiner 0.212 % Retained 37.4 35.8 33.5 36.7 35.1 32.8 34.9 33.3 31.0
BM_Combiner 0.150 % Retained 27.5 26.0 23.7 26.8 25.3 23.1 24.9 23.4 21.2
BM_Combiner 0.106 % Retained 20.8 19.4 17.4 20.2 18.8 16.9 18.7 17.3 15.4
BM_Combiner 0.075 % Retained 16.4 15.2 13.4 15.9 14.7 13.0 14.7 13.6 11.9
BM_Combiner 0.053 % Retained 13.2 12.1 10.6 12.8 11.8 10.3 11.9 10.9 9.5
BM_Combiner 0.038 % Retained 10.8 9.9 8.6 10.5 9.6 8.3 9.8 8.9 7.7
BM_Combiner 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

BM Prod 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
BM Prod 6.700 % Retained 99.3 99.3 99.3 99.3 99.3 99.3 99.3 99.3 99.3
BM Prod 4.750 % Retained 99.0 99.0 99.0 99.0 99.0 99.0 99.0 99.0 99.0
BM Prod 3.350 % Retained 98.3 98.3 98.3 98.3 98.3 98.3 98.3 98.3 98.3
BM Prod 2.360 % Retained 97.3 97.3 97.3 97.3 97.3 97.3 97.3 97.3 97.3
BM Prod 1.700 % Retained 95.9 95.9 95.9 95.9 95.9 95.9 95.9 95.9 95.9
BM Prod 1.180 % Retained 93.3 93.3 93.3 93.3 93.3 93.3 93.3 93.3 93.3
BM Prod 0.850 % Retained 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5
BM Prod 0.600 % Retained 83.2 83.2 83.2 83.2 83.2 83.2 83.2 83.2 83.2
BM Prod 0.425 % Retained 73.8 73.8 73.8 73.6 73.6 73.6 73.3 73.3 73.3
BM Prod 0.300 % Retained 60.9 60.9 60.9 60.4 60.4 60.4 59.1 59.1 59.1
BM Prod 0.212 % Retained 48.2 48.2 48.3 47.5 47.5 47.5 45.3 45.3 45.3
BM Prod 0.150 % Retained 37.9 37.9 38.0 37.1 37.2 37.2 34.9 34.9 34.9
BM Prod 0.106 % Retained 30.2 30.2 30.2 29.5 29.5 29.5 27.6 27.6 27.6
BM Prod 0.075 % Retained 24.5 24.5 24.5 23.9 23.9 23.9 22.4 22.4 22.3
BM Prod 0.053 % Retained 20.0 20.0 20.0 19.5 19.5 19.5 18.3 18.3 18.2
BM Prod 0.038 % Retained 16.5 16.5 16.5 16.2 16.1 16.1 15.2 15.1 15.1
BM Prod 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Base Case



Simulation Name Size Unit Simulation 10 Simulation 11 Simulation 12 Simulation 13 Simulation 14 Simulation 15 Simulation 16 Simulation 17 Simulation 18
Cyc Feed Solids, t/h Mass t/h 7332.69 6546.71 5731.7 7484.96 6681.21 5847.75 7938.9 7082.02 6192.86

Cyc UF Solids, t/h Mass t/h 5949.51 5163.53 4348.53 6101.78 5298.03 4464.58 6555.77 5698.85 4809.7
Cyc OF Solids, t/h Mass t/h 1383.18 1383.17 1383.17 1383.18 1383.17 1383.17 1383.14 1383.17 1383.17

BM Prod Solids, t/h Mass t/h 5949.51 5163.53 4348.53 6101.78 5298.03 4464.58 6555.77 5698.85 4809.7
BM_Combiner Solids, t/h Mass t/h 5949.51 5163.53 4348.53 6101.78 5298.03 4464.58 6555.77 5698.85 4809.7

Cyc OF P80, mm Value 0.174 0.174 0.174 0.171 0.171 0.170 0.162 0.162 0.162
BM Prod P80, mm Value 0.549 0.549 0.549 0.550 0.550 0.550 0.552 0.552 0.552

BM_Combiner P80, mm Value 0.684 0.705 0.734 0.681 0.701 0.730 0.672 0.691 0.717
Cyc UF P80, mm Value 0.684 0.705 0.734 0.681 0.701 0.730 0.672 0.691 0.717

Cyc Feed 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
Cyc Feed 6.700 % Retained 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2
Cyc Feed 4.750 % Retained 98.9 98.8 98.8 98.9 98.8 98.8 98.9 98.9 98.8
Cyc Feed 3.350 % Retained 98.0 98.0 98.0 98.0 98.0 98.0 98.1 98.0 98.0
Cyc Feed 2.360 % Retained 96.9 96.9 96.8 96.9 96.9 96.8 96.9 96.9 96.8
Cyc Feed 1.700 % Retained 95.2 95.1 95.0 95.2 95.1 95.0 95.2 95.1 95.1
Cyc Feed 1.180 % Retained 92.1 92.1 91.9 92.2 92.1 91.9 92.2 92.1 92.0
Cyc Feed 0.850 % Retained 87.9 87.8 87.6 87.9 87.8 87.6 88.0 87.9 87.7
Cyc Feed 0.600 % Retained 81.1 80.9 80.7 81.1 80.9 80.7 81.1 81.0 80.8
Cyc Feed 0.425 % Retained 71.2 71.0 70.8 71.1 70.9 70.7 70.8 70.7 70.5
Cyc Feed 0.300 % Retained 58.1 58.0 57.8 57.7 57.6 57.4 56.6 56.5 56.4
Cyc Feed 0.212 % Retained 45.5 45.4 45.3 44.9 44.8 44.7 43.1 43.0 42.9
Cyc Feed 0.150 % Retained 35.5 35.4 35.3 34.8 34.8 34.7 32.9 32.9 32.9
Cyc Feed 0.106 % Retained 28.0 28.0 27.9 27.5 27.4 27.4 25.9 25.9 25.8
Cyc Feed 0.075 % Retained 22.8 22.7 22.7 22.3 22.3 22.2 21.0 21.0 21.0
Cyc Feed 0.053 % Retained 18.7 18.7 18.6 18.3 18.3 18.2 17.3 17.3 17.2
Cyc Feed 0.038 % Retained 15.5 15.5 15.5 15.2 15.2 15.2 14.4 14.4 14.3
Cyc Feed 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cyc UF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 9.500 % Retained 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5
Cyc UF 6.700 % Retained 99.0 99.0 98.9 99.0 99.0 99.0 99.1 99.0 99.0
Cyc UF 4.750 % Retained 98.6 98.5 98.5 98.6 98.5 98.5 98.6 98.6 98.5
Cyc UF 3.350 % Retained 97.6 97.5 97.4 97.6 97.5 97.4 97.6 97.6 97.4
Cyc UF 2.360 % Retained 96.2 96.0 95.8 96.2 96.0 95.8 96.3 96.1 95.9
Cyc UF 1.700 % Retained 94.0 93.8 93.4 94.1 93.8 93.5 94.2 94.0 93.6
Cyc UF 1.180 % Retained 90.3 89.9 89.4 90.4 90.0 89.4 90.6 90.2 89.7
Cyc UF 0.850 % Retained 85.1 84.5 83.6 85.2 84.6 83.8 85.4 84.9 84.1
Cyc UF 0.600 % Retained 76.7 75.8 74.6 76.8 75.9 74.7 77.1 76.4 75.2
Cyc UF 0.425 % Retained 64.7 63.6 61.9 64.7 63.5 61.9 64.8 63.7 62.2
Cyc UF 0.300 % Retained 49.6 48.1 46.1 49.2 47.7 45.7 48.1 46.7 44.8
Cyc UF 0.212 % Retained 36.1 34.5 32.3 35.4 33.8 31.6 33.4 31.9 29.7
Cyc UF 0.150 % Retained 26.3 24.8 22.7 25.6 24.1 22.0 23.6 22.2 20.2
Cyc UF 0.106 % Retained 19.8 18.4 16.5 19.2 17.9 16.0 17.6 16.3 14.5
Cyc UF 0.075 % Retained 15.5 14.4 12.7 15.1 13.9 12.3 13.9 12.7 11.2
Cyc UF 0.053 % Retained 12.4 11.4 10.0 12.1 11.1 9.7 11.1 10.2 8.9
Cyc UF 0.038 % Retained 10.2 9.3 8.1 9.9 9.1 7.9 9.2 8.4 7.2
Cyc UF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyc OF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 9.500 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 6.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 4.750 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 3.350 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 2.360 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.180 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.850 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.600 % Retained 99.9 99.9 99.9 99.9 99.9 99.9 100.0 100.0 100.0
Cyc OF 0.425 % Retained 98.9 98.9 98.9 99.2 99.2 99.2 99.6 99.6 99.6
Cyc OF 0.300 % Retained 94.8 94.8 94.8 95.4 95.4 95.4 96.9 96.9 96.9
Cyc OF 0.212 % Retained 86.1 86.1 86.1 86.9 86.9 86.9 88.8 88.8 88.9
Cyc OF 0.150 % Retained 74.9 74.9 74.9 75.4 75.4 75.4 77.0 77.1 77.1
Cyc OF 0.106 % Retained 63.6 63.6 63.6 64.0 64.0 64.0 65.1 65.1 65.2
Cyc OF 0.075 % Retained 54.0 54.0 54.0 54.3 54.3 54.3 55.0 55.1 55.1
Cyc OF 0.053 % Retained 45.6 45.6 45.6 45.8 45.8 45.8 46.3 46.3 46.4
Cyc OF 0.038 % Retained 38.6 38.6 38.6 38.7 38.8 38.8 39.1 39.1 39.2
Cyc OF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5% throughput increase case



Simulation Name Size Unit Simulation 10 Simulation 11 Simulation 12 Simulation 13 Simulation 14 Simulation 15 Simulation 16 Simulation 17 Simulation 18
BM_Combiner 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 9.500 % Retained 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5 99.5
BM_Combiner 6.700 % Retained 99.0 99.0 98.9 99.0 99.0 99.0 99.1 99.0 99.0
BM_Combiner 4.750 % Retained 98.6 98.5 98.5 98.6 98.5 98.5 98.6 98.6 98.5
BM_Combiner 3.350 % Retained 97.6 97.5 97.4 97.6 97.5 97.4 97.6 97.6 97.4
BM_Combiner 2.360 % Retained 96.2 96.0 95.8 96.2 96.0 95.8 96.3 96.1 95.9
BM_Combiner 1.700 % Retained 94.0 93.8 93.4 94.1 93.8 93.5 94.2 94.0 93.6
BM_Combiner 1.180 % Retained 90.3 89.9 89.4 90.4 90.0 89.4 90.6 90.2 89.7
BM_Combiner 0.850 % Retained 85.1 84.5 83.6 85.2 84.6 83.8 85.4 84.9 84.1
BM_Combiner 0.600 % Retained 76.7 75.8 74.6 76.8 75.9 74.7 77.1 76.4 75.2
BM_Combiner 0.425 % Retained 64.7 63.6 61.9 64.7 63.5 61.9 64.8 63.7 62.2
BM_Combiner 0.300 % Retained 49.6 48.1 46.1 49.2 47.7 45.7 48.1 46.7 44.8
BM_Combiner 0.212 % Retained 36.1 34.5 32.3 35.4 33.8 31.6 33.4 31.9 29.7
BM_Combiner 0.150 % Retained 26.3 24.8 22.7 25.6 24.1 22.0 23.6 22.2 20.2
BM_Combiner 0.106 % Retained 19.8 18.4 16.5 19.2 17.9 16.0 17.6 16.3 14.5
BM_Combiner 0.075 % Retained 15.5 14.4 12.7 15.1 13.9 12.3 13.9 12.7 11.2
BM_Combiner 0.053 % Retained 12.4 11.4 10.0 12.1 11.1 9.7 11.1 10.2 8.9
BM_Combiner 0.038 % Retained 10.2 9.3 8.1 9.9 9.1 7.9 9.2 8.4 7.2
BM_Combiner 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

BM Prod 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
BM Prod 6.700 % Retained 99.3 99.3 99.3 99.3 99.3 99.3 99.3 99.3 99.3
BM Prod 4.750 % Retained 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9
BM Prod 3.350 % Retained 98.2 98.2 98.2 98.2 98.2 98.2 98.2 98.2 98.2
BM Prod 2.360 % Retained 97.2 97.2 97.2 97.2 97.2 97.2 97.2 97.2 97.2
BM Prod 1.700 % Retained 95.7 95.7 95.7 95.7 95.7 95.7 95.7 95.7 95.7
BM Prod 1.180 % Retained 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0 93.0
BM Prod 0.850 % Retained 89.0 89.0 89.0 89.0 89.0 89.0 89.0 89.0 89.0
BM Prod 0.600 % Retained 82.4 82.4 82.4 82.4 82.4 82.4 82.3 82.3 82.3
BM Prod 0.425 % Retained 72.5 72.5 72.5 72.3 72.3 72.3 72.0 72.0 72.0
BM Prod 0.300 % Retained 59.2 59.2 59.2 58.7 58.7 58.7 57.3 57.3 57.3
BM Prod 0.212 % Retained 46.4 46.4 46.4 45.6 45.6 45.5 43.3 43.3 43.2
BM Prod 0.150 % Retained 36.2 36.2 36.2 35.3 35.3 35.3 33.0 33.0 33.0
BM Prod 0.106 % Retained 28.6 28.6 28.6 27.9 27.9 27.9 25.9 25.9 25.9
BM Prod 0.075 % Retained 23.1 23.1 23.1 22.5 22.5 22.5 20.9 20.9 20.9
BM Prod 0.053 % Retained 18.8 18.8 18.8 18.4 18.3 18.3 17.1 17.0 17.0
BM Prod 0.038 % Retained 15.5 15.5 15.4 15.2 15.1 15.0 14.1 14.1 14.0
BM Prod 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5% throughput increase case



Simulation Name Size Unit Simulation 19 Simulation 20 Simulation 21 Simulation 22 Simulation 23 Simulation 24 Simulation 25 Simulation 26 Simulation 27
Cyc Feed Solids, t/h Mass t/h 7908.95 7057.05 6173.65 8088.31 7215.45 6310.17 8628.57 7692.69 6720.89

Cyc UF Solids, t/h Mass t/h 6459.89 5608 4724.61 6639.26 5766.4 4861.13 7179.61 6243.65 5271.85
Cyc OF Solids, t/h Mass t/h 1449.06 1449.05 1449.05 1449.05 1449.05 1449.04 1448.95 1449.04 1449.04

BM Prod Solids, t/h Mass t/h 6459.89 5608 4724.61 6639.26 5766.4 4861.13 7179.61 6243.65 5271.85
BM_Combiner Solids, t/h Mass t/h 6459.89 5608 4724.61 6639.26 5766.4 4861.13 7179.61 6243.65 5271.85

Cyc OF P80, mm Value 0.178 0.178 0.178 0.175 0.174 0.174 0.166 0.166 0.165
BM Prod P80, mm Value 0.567 0.567 0.567 0.569 0.569 0.569 0.570 0.570 0.570

BM_Combiner P80, mm Value 0.698 0.718 0.746 0.695 0.715 0.741 0.686 0.704 0.729
Cyc UF P80, mm Value 0.698 0.718 0.746 0.695 0.715 0.741 0.686 0.704 0.729

Cyc Feed 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc Feed 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
Cyc Feed 6.700 % Retained 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2
Cyc Feed 4.750 % Retained 98.8 98.8 98.8 98.8 98.8 98.8 98.8 98.8 98.8
Cyc Feed 3.350 % Retained 98.0 98.0 97.9 98.0 98.0 97.9 98.0 98.0 98.0
Cyc Feed 2.360 % Retained 96.8 96.8 96.7 96.8 96.8 96.7 96.8 96.8 96.7
Cyc Feed 1.700 % Retained 95.0 94.9 94.9 95.0 95.0 94.9 95.0 95.0 94.9
Cyc Feed 1.180 % Retained 91.9 91.8 91.7 91.9 91.8 91.7 92.0 91.9 91.8
Cyc Feed 0.850 % Retained 87.5 87.4 87.2 87.5 87.4 87.3 87.6 87.5 87.3
Cyc Feed 0.600 % Retained 80.4 80.3 80.1 80.4 80.3 80.1 80.5 80.3 80.2
Cyc Feed 0.425 % Retained 70.2 70.1 69.9 70.1 69.9 69.8 69.8 69.7 69.5
Cyc Feed 0.300 % Retained 56.8 56.7 56.6 56.3 56.3 56.2 55.1 55.1 55.0
Cyc Feed 0.212 % Retained 44.1 44.0 44.0 43.4 43.4 43.3 41.4 41.4 41.4
Cyc Feed 0.150 % Retained 34.1 34.1 34.0 33.4 33.4 33.3 31.5 31.4 31.4
Cyc Feed 0.106 % Retained 26.8 26.8 26.8 26.3 26.2 26.2 24.6 24.6 24.6
Cyc Feed 0.075 % Retained 21.7 21.7 21.7 21.3 21.2 21.2 19.9 19.9 19.9
Cyc Feed 0.053 % Retained 17.8 17.8 17.8 17.4 17.4 17.4 16.3 16.3 16.3
Cyc Feed 0.038 % Retained 14.8 14.8 14.7 14.5 14.5 14.4 13.6 13.6 13.6
Cyc Feed 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cyc UF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc UF 9.500 % Retained 99.5 99.5 99.4 99.5 99.5 99.5 99.5 99.5 99.5
Cyc UF 6.700 % Retained 99.0 99.0 98.9 99.0 99.0 98.9 99.0 99.0 99.0
Cyc UF 4.750 % Retained 98.5 98.5 98.4 98.6 98.5 98.4 98.6 98.5 98.5
Cyc UF 3.350 % Retained 97.5 97.4 97.3 97.5 97.5 97.3 97.6 97.5 97.4
Cyc UF 2.360 % Retained 96.1 95.9 95.7 96.1 96.0 95.8 96.2 96.0 95.9
Cyc UF 1.700 % Retained 93.9 93.6 93.3 93.9 93.7 93.4 94.0 93.8 93.5
Cyc UF 1.180 % Retained 90.1 89.7 89.1 90.2 89.8 89.2 90.3 90.0 89.5
Cyc UF 0.850 % Retained 84.7 84.1 83.3 84.8 84.2 83.4 85.1 84.6 83.8
Cyc UF 0.600 % Retained 76.1 75.2 74.0 76.2 75.4 74.2 76.5 75.8 74.7
Cyc UF 0.425 % Retained 63.8 62.6 61.0 63.7 62.6 61.0 63.8 62.7 61.3
Cyc UF 0.300 % Retained 48.4 47.0 45.0 47.9 46.5 44.5 46.7 45.4 43.5
Cyc UF 0.212 % Retained 34.8 33.3 31.2 34.1 32.6 30.5 32.0 30.5 28.5
Cyc UF 0.150 % Retained 25.2 23.8 21.7 24.5 23.0 21.1 22.4 21.1 19.1
Cyc UF 0.106 % Retained 18.8 17.6 15.7 18.2 17.0 15.2 16.6 15.4 13.7
Cyc UF 0.075 % Retained 14.7 13.6 12.1 14.3 13.2 11.6 13.0 12.0 10.5
Cyc UF 0.053 % Retained 11.8 10.8 9.5 11.4 10.5 9.2 10.5 9.6 8.3
Cyc UF 0.038 % Retained 9.6 8.8 7.7 9.3 8.5 7.4 8.6 7.8 6.8
Cyc UF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyc OF 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 9.500 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 6.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 4.750 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 3.350 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 2.360 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.700 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 1.180 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.850 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Cyc OF 0.600 % Retained 99.9 99.9 99.9 99.9 99.9 99.9 100.0 100.0 100.0
Cyc OF 0.425 % Retained 98.9 98.9 98.9 99.1 99.1 99.1 99.6 99.6 99.6
Cyc OF 0.300 % Retained 94.5 94.5 94.5 95.1 95.1 95.1 96.7 96.7 96.7
Cyc OF 0.212 % Retained 85.5 85.5 85.5 86.2 86.2 86.3 88.2 88.3 88.3
Cyc OF 0.150 % Retained 74.0 74.0 74.0 74.6 74.6 74.6 76.2 76.2 76.2
Cyc OF 0.106 % Retained 62.6 62.6 62.6 63.0 63.0 63.1 64.1 64.2 64.2
Cyc OF 0.075 % Retained 53.0 53.1 53.1 53.3 53.3 53.3 54.1 54.1 54.1
Cyc OF 0.053 % Retained 44.7 44.7 44.8 44.9 44.9 45.0 45.4 45.5 45.5
Cyc OF 0.038 % Retained 37.8 37.8 37.9 38.0 38.0 38.0 38.3 38.4 38.4
Cyc OF 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10% throughput increase case



Simulation Name Size Unit Simulation 19 Simulation 20 Simulation 21 Simulation 22 Simulation 23 Simulation 24 Simulation 25 Simulation 26 Simulation 27
BM_Combiner 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM_Combiner 9.500 % Retained 99.5 99.5 99.4 99.5 99.5 99.5 99.5 99.5 99.5
BM_Combiner 6.700 % Retained 99.0 99.0 98.9 99.0 99.0 98.9 99.0 99.0 99.0
BM_Combiner 4.750 % Retained 98.5 98.5 98.4 98.6 98.5 98.4 98.6 98.5 98.5
BM_Combiner 3.350 % Retained 97.5 97.4 97.3 97.5 97.5 97.3 97.6 97.5 97.4
BM_Combiner 2.360 % Retained 96.1 95.9 95.7 96.1 96.0 95.8 96.2 96.0 95.9
BM_Combiner 1.700 % Retained 93.9 93.6 93.3 93.9 93.7 93.4 94.0 93.8 93.5
BM_Combiner 1.180 % Retained 90.1 89.7 89.1 90.2 89.8 89.2 90.3 90.0 89.5
BM_Combiner 0.850 % Retained 84.7 84.1 83.3 84.8 84.2 83.4 85.1 84.6 83.8
BM_Combiner 0.600 % Retained 76.1 75.2 74.0 76.2 75.4 74.2 76.5 75.8 74.7
BM_Combiner 0.425 % Retained 63.8 62.6 61.0 63.7 62.6 61.0 63.8 62.7 61.3
BM_Combiner 0.300 % Retained 48.4 47.0 45.0 47.9 46.5 44.5 46.7 45.4 43.5
BM_Combiner 0.212 % Retained 34.8 33.3 31.2 34.1 32.6 30.5 32.0 30.5 28.5
BM_Combiner 0.150 % Retained 25.2 23.8 21.7 24.5 23.0 21.1 22.4 21.1 19.1
BM_Combiner 0.106 % Retained 18.8 17.6 15.7 18.2 17.0 15.2 16.6 15.4 13.7
BM_Combiner 0.075 % Retained 14.7 13.6 12.1 14.3 13.2 11.6 13.0 12.0 10.5
BM_Combiner 0.053 % Retained 11.8 10.8 9.5 11.4 10.5 9.2 10.5 9.6 8.3
BM_Combiner 0.038 % Retained 9.6 8.8 7.7 9.3 8.5 7.4 8.6 7.8 6.8
BM_Combiner 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

BM Prod 19.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 16.000 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 13.200 % Retained 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
BM Prod 9.500 % Retained 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
BM Prod 6.700 % Retained 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2
BM Prod 4.750 % Retained 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9 98.9
BM Prod 3.350 % Retained 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98.1
BM Prod 2.360 % Retained 97.1 97.1 97.1 97.1 97.1 97.1 97.1 97.1 97.1
BM Prod 1.700 % Retained 95.5 95.5 95.5 95.5 95.5 95.5 95.5 95.5 95.5
BM Prod 1.180 % Retained 92.6 92.6 92.6 92.6 92.6 92.6 92.6 92.6 92.6
BM Prod 0.850 % Retained 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5 88.5
BM Prod 0.600 % Retained 81.6 81.6 81.6 81.5 81.5 81.5 81.5 81.5 81.5
BM Prod 0.425 % Retained 71.2 71.2 71.2 71.0 71.0 71.0 70.6 70.6 70.6
BM Prod 0.300 % Retained 57.6 57.6 57.6 57.0 57.0 57.0 55.5 55.5 55.4
BM Prod 0.212 % Retained 44.6 44.6 44.6 43.7 43.7 43.7 41.3 41.3 41.2
BM Prod 0.150 % Retained 34.5 34.5 34.5 33.6 33.6 33.6 31.2 31.2 31.1
BM Prod 0.106 % Retained 27.1 27.1 27.1 26.4 26.3 26.3 24.4 24.3 24.3
BM Prod 0.075 % Retained 21.8 21.8 21.8 21.2 21.2 21.1 19.6 19.6 19.5
BM Prod 0.053 % Retained 17.7 17.7 17.6 17.3 17.2 17.2 16.0 15.9 15.8
BM Prod 0.038 % Retained 14.6 14.6 14.5 14.2 14.2 14.1 13.2 13.1 13.0
BM Prod 0.000 % Retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10% throughput increase case



Appendix 2. Minera Saucito Operation
This appendix includes the following data:

· Comminution surveys data

· Flotation Circuit data

· Liberation data

· Flotation program data
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Comminution Surveys Data
Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 165.3 167.3 2.0 165.3 31.7 133.6 191.4 191.4 57.8 133.6 165.3
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 5.1 181.3 0.2 238.0 153.9 85.9 161.7 161.7 75.8 477.1 631.0
% Solids 97.0 48.0 89.0 41.0 17.1 60.9 54.2 54.2 43.3 21.9 20.8

Pulp SG (t/m3) 2.6 1.4 2.3 1.3 1.1 1.6 1.5 1.5 1.4 1.2 1.2
Volumetric Flowrate (m3/h) 66.3 243.2 1.0 299.2 165.6 135.4 232.6 232.6 97.2 526.6 692.2

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 126.792 0.922 12.381 0.875 0.052 1.102 1.049 0.121 0.770 0.075 0.071

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
250.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
203.200 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 5.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
152.400 8.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
127.000 5.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
101.600 21.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
75.000 14.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
50.000 13.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
37.500 5.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
25.000 6.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
19.000 3.79 0.04 3.43 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
12.500 4.18 0.19 15.81 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
9.500 1.77 0.29 24.08 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
4.750 2.33 0.84 46.96 0.28 0.01 0.34 0.28 0.04 0.15 0.00 0.00
3.350 1.00 2.20 3.39 2.19 0.00 2.71 2.83 0.94 3.11 0.00 0.00
2.360 0.82 3.21 0.08 3.25 0.01 4.02 4.47 1.67 5.52 0.00 0.00
1.700 0.69 4.09 0.02 4.14 0.01 5.12 4.89 1.32 4.37 0.00 0.00
1.180 0.67 5.17 0.03 5.23 0.02 6.47 5.62 1.11 3.66 0.01 0.01
0.850 0.52 5.35 0.03 5.41 0.04 6.69 5.42 0.77 2.49 0.02 0.02
0.600 0.48 6.27 0.02 6.34 0.07 7.83 6.22 0.78 2.50 0.03 0.04
0.425 0.43 6.84 0.03 6.92 0.16 8.52 6.90 0.97 3.16 0.03 0.05
0.300 0.40 7.15 0.03 7.24 0.39 8.86 7.60 1.47 4.70 0.07 0.13
0.212 0.37 6.89 0.04 6.97 0.19 8.59 8.13 2.25 7.07 0.16 0.17
0.150 0.37 6.90 0.04 6.98 0.36 8.55 9.74 4.01 12.47 0.35 0.35
0.106 0.64 6.34 0.07 6.41 0.73 7.76 11.52 7.65 20.22 2.20 1.92
0.075 0.35 6.36 0.07 6.44 2.90 7.28 9.49 16.19 14.61 16.87 14.19
0.053 0.28 6.50 0.09 6.58 14.31 4.74 4.87 16.10 5.17 20.83 19.58
0.038 0.36 4.98 0.08 5.03 11.96 3.39 3.15 10.53 2.59 13.97 13.58
0.000 0.16 20.40 5.68 20.58 68.83 9.12 8.84 34.16 8.21 45.39 49.89
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1366
BM Power, kW 2716
CL 43.28

Plant 2/Screens Date: May 2016



Juan José Frausto González XXI

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Cyc U/F BM Cyc O/F Float Feed

TPH Solids 166.0 167.6 1.6 166.0 28.4 137.6 620.9 620.9 483.4 137.5 166.0
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 3.7 73.5 0.0 159.5 96.3 63.2 286.2 286.2 223.0 330.2 426.4
% Solids 97.8 69.5 98.1 51.0 22.8 68.5 68.4 68.4 68.4 29.4 28.0

Pulp SG (t/m3) 2.6 1.8 2.6 1.5 1.2 1.8 1.8 1.8 1.8 1.2 1.2
Volumetric Flowrate (m3/h) 65.2 135.5 0.6 221.0 106.8 114.2 516.2 516.2 402.0 381.1 487.9

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 104.290 0.934 18.716 0.893 0.044 1.098 0.453 0.186 0.262 0.046 0.046

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
250.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
203.200 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 10.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
101.600 10.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
75.000 13.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50.000 17.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37.500 7.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25.000 7.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19.000 5.67 0.18 19.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.500 5.69 0.22 23.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9.500 3.03 0.16 17.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.750 5.14 2.39 39.46 2.04 0.00 2.50 1.84 1.29 1.66 0.00 0.00
3.350 2.14 0.42 0.41 0.42 0.00 0.51 2.56 2.45 3.15 0.00 0.00
2.360 1.77 3.26 0.06 3.29 0.00 3.97 2.79 1.91 2.45 0.00 0.00
1.700 1.32 4.07 0.02 4.11 0.00 4.96 2.33 1.23 1.58 0.00 0.00
1.180 1.20 5.49 0.00 5.54 0.00 6.68 2.58 1.09 1.41 0.00 0.00
0.850 0.84 5.38 0.00 5.43 0.00 6.55 2.25 0.80 1.03 0.00 0.00
0.600 0.75 6.21 0.01 6.26 0.00 7.56 2.76 1.08 1.39 0.00 0.00
0.425 0.63 6.84 0.00 6.90 0.02 8.33 3.57 1.72 2.21 0.00 0.00
0.300 0.56 6.99 0.01 7.05 0.06 8.50 4.52 2.64 3.39 0.00 0.00
0.212 0.46 6.87 0.03 6.93 0.23 8.32 5.37 3.54 4.54 0.04 0.09
0.150 0.45 6.93 0.00 6.99 0.89 8.26 7.85 6.04 7.74 0.07 0.21
0.106 0.39 6.09 0.00 6.14 1.84 7.03 10.96 9.49 12.07 0.44 0.68
0.075 0.35 5.23 0.00 5.28 3.50 5.64 14.58 13.95 17.13 2.77 2.90
0.053 0.34 4.84 0.00 4.88 7.65 4.31 11.11 12.56 13.04 10.86 10.31
0.038 0.30 4.36 0.00 4.40 10.82 3.07 7.44 9.78 8.68 13.64 13.15
0.000 2.16 24.06 0.00 24.29 75.00 13.81 17.48 30.42 18.53 72.18 72.66
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1150
BM Power, kW 2865
CL 351.41

Plant 1/Cyclones Date: Jun 2016



Juan José Frausto González XXII

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Cyc U/F BM Cyc O/F Float Feed

TPH Solids 163.0 163.7 0.7 163.0 37.1 125.9 380.1 380.1 254.2 125.9 163.0
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 4.2 64.2 0.0 69.0 92.3 44.0 146.3 146.3 102.3 207.6 299.9
% Solids 97.5 71.8 98.2 70.2 28.7 74.1 72.2 72.2 71.3 37.8 35.2

Pulp SG (t/m3) 2.6 1.8 2.6 1.8 1.2 1.9 1.8 1.8 1.8 1.3 1.3
Volumetric Flowrate (m3/h) 64.6 124.8 0.3 129.4 106.0 90.6 287.0 287.0 196.4 254.2 360.2

% Passing  212 (mm) 88.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 116.192 0.930 19.121 0.909 0.058 1.210 1.385 0.495 1.574 0.056 0.057

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 10.41 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
177.800 1.91 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
152.400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 5.82 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
101.600 4.80 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
75.000 6.57 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
50.000 6.46 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
37.500 5.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
25.000 7.15 0.03 6.20 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
19.000 5.20 0.08 14.21 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00
12.500 7.48 0.18 31.26 0.04 0.01 0.05 0.02 0.00 0.00 0.00 0.00
9.500 4.44 0.16 20.56 0.07 0.02 0.08 0.03 0.00 0.00 0.00 0.00
6.700 6.30 0.17 27.76 0.04 0.01 0.05 0.02 0.00 0.00 0.00 0.00
4.750 4.29 1.69 0.00 1.70 0.00 2.20 2.60 1.87 2.80 0.00 0.00
3.350 3.49 2.41 0.00 2.42 0.00 3.14 5.27 4.23 6.32 0.00 0.00
2.360 2.54 2.99 0.00 3.01 0.00 3.89 5.51 4.22 6.31 0.01 0.01
1.700 2.02 3.48 0.00 3.50 0.00 4.53 4.06 2.56 3.82 0.00 0.00
1.180 2.03 4.97 0.00 5.00 0.00 6.47 4.47 2.32 3.48 0.00 0.00
0.850 1.39 5.28 0.00 5.31 0.00 6.87 3.95 1.67 2.50 0.00 0.00
0.600 1.26 6.84 0.00 6.87 0.00 8.90 4.93 1.98 2.96 0.00 0.00
0.425 1.10 6.73 0.00 6.76 0.04 8.74 4.93 2.04 3.05 0.00 0.01
0.300 1.20 7.88 0.00 7.91 0.33 10.14 6.53 3.16 4.73 0.00 0.08
0.212 0.89 7.57 0.00 7.60 0.66 9.64 7.43 4.24 6.33 0.02 0.16
0.150 0.82 6.26 0.00 6.29 1.08 7.83 6.78 4.29 6.26 0.30 0.48
0.106 0.88 6.39 0.00 6.42 2.61 7.54 8.97 6.87 9.68 1.20 1.52
0.075 0.74 5.62 0.00 5.65 6.60 5.37 8.88 9.18 10.62 6.27 6.34
0.053 0.70 5.48 0.00 5.50 11.72 3.67 8.12 12.00 10.33 15.38 14.55
0.038 0.57 5.50 0.00 5.52 14.29 2.94 7.24 12.05 9.37 17.45 16.73
0.000 4.55 20.23 0.00 20.32 62.63 7.87 10.24 27.30 11.41 59.37 60.11
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1328
BM Power, kW 2753
CL 201.86

Plant 2/Cyclones Date: Apr 2017



Juan José Frausto González XXIII

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 179.9 181.4 1.4 179.9 33.9 146.0 284.0 284.0 137.9 146.0 180.0
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 4.7 93.4 0.0 93.4 98.6 52.3 157.7 157.7 105.4 275.9 374.5
% Solids 97.4 66.0 96.7 65.8 25.6 73.6 64.3 64.3 56.7 34.6 32.5

Pulp SG (t/m3) 2.6 1.7 2.6 1.7 1.2 1.9 1.7 1.7 1.6 1.3 1.3
Volumetric Flowrate (m3/h) 71.4 160.6 0.6 160.0 111.2 106.4 262.9 262.9 156.5 330.0 441.2

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 120.677 1.311 20.279 1.267 0.047 1.562 1.620 0.357 1.717 0.074 0.069

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 5.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 9.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
101.600 25.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
75.000 9.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50.000 8.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37.500 4.43 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25.000 5.59 0.06 7.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19.000 3.58 0.13 16.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.500 4.70 0.30 29.07 0.07 0.02 0.08 0.04 0.00 0.00 0.00 0.00
9.500 2.81 0.20 17.91 0.06 0.01 0.07 0.04 0.00 0.00 0.00 0.00
6.700 3.41 0.28 28.28 0.06 0.01 0.06 0.03 0.00 0.00 0.00 0.00
4.750 3.15 2.60 0.00 2.62 0.00 3.23 2.33 0.67 1.37 0.00 0.00
3.350 2.11 3.23 0.00 3.26 0.00 4.01 5.22 3.16 6.50 0.00 0.00
2.360 1.59 3.79 0.00 3.82 0.00 4.71 5.69 3.27 6.72 0.00 0.00
1.700 1.14 4.86 0.00 4.90 0.00 6.04 5.82 2.71 5.58 0.00 0.00
1.180 1.10 6.50 0.00 6.56 0.00 8.08 6.59 2.44 5.02 0.00 0.00
0.850 0.80 6.39 0.00 6.44 0.00 7.94 5.97 1.89 3.88 0.01 0.00
0.600 0.73 7.37 0.00 7.43 0.00 9.16 6.74 2.03 4.17 0.01 0.01
0.425 0.70 6.56 0.00 6.61 0.00 8.15 5.81 2.32 3.34 1.34 1.09
0.300 0.66 7.17 0.00 7.23 0.01 8.90 7.23 3.09 5.47 0.84 0.68
0.212 0.54 6.45 0.00 6.51 0.07 8.00 7.62 4.21 7.21 1.38 1.14
0.150 0.50 5.24 0.00 5.29 0.44 6.41 7.81 5.52 9.28 1.97 1.68
0.106 0.51 5.18 0.00 5.22 1.72 6.03 9.55 8.54 13.28 4.06 3.62
0.075 0.48 4.53 0.00 4.57 4.93 4.48 6.27 9.06 8.17 9.91 8.97
0.053 0.42 4.13 0.00 4.16 10.01 2.80 3.27 8.30 3.77 12.58 12.10
0.038 0.30 2.95 0.00 2.97 8.70 1.64 1.92 6.01 2.22 9.59 9.42
0.000 2.81 22.05 0.00 22.23 74.07 10.18 12.04 36.79 14.01 58.30 61.28
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1148
BM Power, kW 2841
CL 94.46

Plant 2/Screens Date: Apr 2017



Juan José Frausto González XXIV

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 130.4 131.7 1.3 130.4 20.1 110.3 179.9 179.9 69.6 110.3 130.4
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 2.6 85.4 0.0 85.4 75.1 46.0 100.9 100.9 54.9 249.6 324.7
% Solids 98.0 60.7 97.9 60.4 21.1 70.6 64.1 64.1 55.9 30.6 28.7

Pulp SG (t/m3) 2.6 1.6 2.6 1.6 1.2 1.8 1.7 1.7 1.5 1.2 1.2
Volumetric Flowrate (m3/h) 50.9 134.2 0.5 133.7 82.5 86.8 167.6 167.6 80.7 290.5 373.0

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 117.184 1.259 14.782 1.207 0.020 1.416 1.459 0.224 1.568 0.066 0.062

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 15.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
101.600 13.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
75.000 7.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50.000 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37.500 3.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25.000 8.57 0.01 1.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19.000 6.05 0.10 10.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.500 8.14 0.31 30.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9.500 4.17 0.25 20.11 0.05 0.01 0.06 0.04 0.00 0.00 0.00 0.00
6.700 5.74 0.44 38.03 0.05 0.01 0.06 0.04 0.00 0.00 0.00 0.00
4.750 3.55 1.26 0.00 1.27 0.01 1.50 1.16 0.23 0.61 0.00 0.00
3.350 2.92 3.12 0.00 3.15 0.00 3.72 4.35 2.09 5.35 0.03 0.03
2.360 1.99 3.98 0.00 4.02 0.00 4.75 5.56 2.67 6.84 0.05 0.04
1.700 1.64 5.04 0.00 5.09 0.00 6.02 6.04 2.39 6.08 0.07 0.06
1.180 1.53 6.75 0.00 6.82 0.00 8.06 6.98 2.07 5.28 0.05 0.04
0.850 1.02 6.83 0.00 6.90 0.00 8.16 6.52 1.53 3.93 0.01 0.01
0.600 0.96 7.62 0.00 7.70 0.00 9.10 7.18 1.63 4.13 0.06 0.05
0.425 0.89 6.79 0.00 6.86 0.03 8.10 6.53 1.71 4.03 0.25 0.22
0.300 0.84 7.27 0.00 7.35 0.01 8.68 7.65 2.61 6.02 0.46 0.39
0.212 0.71 6.45 0.00 6.52 0.03 7.70 7.75 3.64 7.83 1.00 0.85
0.150 0.64 5.32 0.00 5.38 0.14 6.33 7.91 4.98 10.43 1.55 1.33
0.106 0.69 5.26 0.00 5.32 0.82 6.13 9.87 8.08 15.79 3.22 2.85
0.075 0.62 4.58 0.00 4.63 2.27 5.06 7.44 9.47 11.21 8.37 7.43
0.053 0.58 4.05 0.00 4.09 7.11 3.54 3.81 9.96 4.24 13.57 12.57
0.038 0.48 3.13 0.00 3.16 8.82 2.13 2.14 6.82 2.14 9.77 9.63
0.000 3.43 21.42 0.00 21.64 80.73 10.88 9.03 40.10 6.09 61.55 64.50
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1080
BM Power, kW 3071
CL 63.05

Plant 1 LT/Screens Date: Apr 2017



Juan José Frausto González XXV

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 176.7 178.5 1.8 176.7 30.9 145.8 235.5 235.5 89.6 145.8 176.7
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 3.6 76.0 0.0 79.2 93.4 56.4 111.5 111.5 55.1 294.3 387.7
% Solids 98.0 70.1 97.9 69.0 24.8 72.1 67.9 67.9 61.9 33.1 31.3

Pulp SG (t/m3) 2.6 1.8 2.6 1.8 1.2 1.8 1.7 1.7 1.6 1.3 1.2
Volumetric Flowrate (m3/h) 69.0 142.1 0.7 144.7 104.8 110.5 198.7 198.7 88.3 348.4 453.1

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 117.184 1.190 15.392 1.139 0.049 1.384 1.353 0.187 1.271 0.068 0.065

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 15.47 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
101.600 13.54 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
75.000 7.03 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
50.000 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
37.500 3.59 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
25.000 8.57 0.02 2.11 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
19.000 6.05 0.14 13.84 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
12.500 8.14 0.29 29.17 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
9.500 4.17 0.23 17.13 0.06 0.01 0.07 0.05 0.00 0.01 0.00 0.00
6.700 5.74 0.42 37.73 0.05 0.01 0.06 0.04 0.00 0.01 0.00 0.00
4.750 3.55 1.14 0.00 1.16 0.00 1.40 1.12 0.26 0.66 0.01 0.01
3.350 2.92 3.13 0.00 3.16 0.00 3.83 4.07 1.70 4.46 0.00 0.00
2.360 1.99 3.87 0.00 3.91 0.00 4.74 5.27 2.34 6.14 0.01 0.01
1.700 1.64 4.72 0.00 4.77 0.00 5.78 5.53 1.95 5.13 0.00 0.00
1.180 1.53 6.16 0.00 6.22 0.00 7.54 6.37 1.70 4.48 0.00 0.00
0.850 1.02 6.21 0.00 6.27 0.01 7.60 5.96 1.27 3.30 0.02 0.02
0.600 0.96 8.67 0.00 8.75 0.01 10.60 7.91 1.37 3.52 0.05 0.04
0.425 0.89 6.68 0.00 6.75 0.01 8.17 6.42 1.44 3.57 0.14 0.12
0.300 0.84 7.37 0.00 7.44 0.01 9.02 7.73 2.43 5.63 0.46 0.38
0.212 0.71 6.55 0.00 6.61 0.06 8.00 7.95 3.67 7.88 1.09 0.91
0.150 0.64 5.41 0.00 5.46 0.33 6.55 8.16 5.19 10.78 1.75 1.51
0.106 0.69 5.45 0.00 5.50 1.45 6.36 9.98 8.34 15.88 3.70 3.31
0.075 0.62 4.84 0.00 4.89 4.34 5.01 7.63 10.19 11.90 9.14 8.30
0.053 0.58 4.35 0.00 4.39 11.50 2.89 3.33 10.17 4.04 13.94 13.51
0.038 0.48 3.20 0.00 3.23 9.71 1.86 1.93 7.47 2.03 10.81 10.62
0.000 3.43 21.13 0.00 21.34 72.55 10.50 10.51 40.46 10.53 58.86 61.25
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1113
BM Power, kW 2971
CL 61.47

Plant 1 HT/Screens Date: Apr 2017



Juan José Frausto González XXVI

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 168.2 169.9 1.7 168.2 30.1 138.2 276.1 276.1 138.0 138.2 168.2
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 3.4 78.5 0.4 83.4 100.7 46.2 131.5 131.5 85.3 296.0 396.7
% Solids 98.0 68.4 81.3 66.9 23.0 74.9 67.7 67.7 61.8 31.8 29.8

Pulp SG (t/m3) 2.6 1.8 2.0 1.7 1.2 1.9 1.7 1.7 1.6 1.3 1.2
Volumetric Flowrate (m3/h) 65.7 141.4 1.0 145.7 111.8 97.4 233.8 233.8 136.4 347.2 459.0

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 117.184 1.592 19.381 1.524 0.039 1.856 2.337 0.863 2.689 0.069 0.064

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 15.47 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
101.600 13.54 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
75.000 7.03 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
50.000 5.26 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
37.500 3.59 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
25.000 8.57 0.14 6.71 0.08 0.02 0.09 0.05 0.00 0.00 0.00 0.00
19.000 6.05 0.21 14.61 0.07 0.02 0.08 0.04 0.00 0.00 0.00 0.00
12.500 8.14 0.33 28.48 0.05 0.01 0.05 0.03 0.00 0.00 0.00 0.00
9.500 4.17 0.24 17.75 0.06 0.02 0.07 0.03 0.00 0.00 0.00 0.00
6.700 5.74 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
4.750 3.55 2.04 32.46 1.73 0.00 2.11 2.46 1.41 2.81 0.00 0.00
3.350 2.92 4.92 0.00 4.97 0.00 6.05 8.35 5.33 10.66 0.00 0.00
2.360 1.99 5.52 0.00 5.58 0.06 6.78 8.83 5.44 10.88 0.00 0.01
1.700 1.64 5.35 0.00 5.41 0.03 6.57 6.79 3.50 7.01 0.01 0.01
1.180 1.53 6.98 0.00 7.05 0.06 8.57 6.99 2.70 5.40 0.01 0.02
0.850 1.02 6.32 0.00 6.38 0.05 7.76 5.58 1.70 3.40 0.01 0.02
0.600 0.96 7.17 0.00 7.24 0.05 8.81 6.06 1.68 3.31 0.04 0.04
0.425 0.89 6.32 0.00 6.38 0.03 7.76 5.55 1.72 3.33 0.11 0.09
0.300 0.84 6.46 0.00 6.53 0.03 7.94 6.23 2.40 4.53 0.27 0.23
0.212 0.71 5.67 0.00 5.73 0.04 6.97 6.50 3.30 6.04 0.56 0.46
0.150 0.64 5.41 0.00 5.47 0.10 6.63 8.15 5.37 9.67 1.08 0.91
0.106 0.69 5.11 0.00 5.16 0.34 6.21 9.49 8.25 12.78 3.73 3.13
0.075 0.62 4.22 0.00 4.26 1.47 4.87 6.28 9.23 7.69 10.76 9.10
0.053 0.58 3.93 0.00 3.97 7.61 3.18 3.13 9.20 3.08 15.31 13.93
0.038 0.48 3.22 0.00 3.25 10.71 1.63 1.60 5.81 1.56 10.05 10.17
0.000 3.43 20.39 0.00 20.60 79.32 7.82 7.84 32.97 7.86 58.05 61.85
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1371
BM Power, kW 2872
CL 99.87

Plant 1/Screens Date: Sept 2017



Juan José Frausto González XXVII

Survey/Classifier

Data Type: Bal SAG Circ Fresh
Feed SAG Mill Prod SAG Screen O/S SAG Screen U/S SAG Cyc O/F SAG Cyc U/F Ball Mill Feed Ball Mill Prod BM Scr O/S BM Scr U/S Float Feed

TPH Solids 169.8 170.3 0.5 169.8 31.9 137.9 220.0 220.0 82.2 137.9 169.8
Solids SG [t/m^3] 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

TPH Water 4.5 46.7 0.1 71.6 102.2 64.7 110.1 110.1 45.5 271.4 373.6
% Solids 97.4 78.5 81.3 70.3 23.8 68.1 66.6 66.6 64.4 33.7 31.2

Pulp SG (t/m3) 2.6 2.0 2.0 1.8 1.2 1.8 1.7 1.7 1.7 1.3 1.2
Volumetric Flowrate (m3/h) 67.3 109.7 0.3 134.5 114.0 115.7 191.6 191.6 75.9 322.5 436.4

% Passing  212 (mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80 % passes (mm) 120.677 1.024 12.909 1.011 0.045 1.239 1.729 0.375 2.646 0.063 0.060

Size % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained % Retained
240.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
177.800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
152.400 5.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
127.000 9.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
101.600 25.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
75.000 9.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50.000 8.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37.500 4.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25.000 5.59 0.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19.000 3.58 0.01 3.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.500 4.70 0.11 18.95 0.06 0.02 0.07 0.04 0.00 0.00 0.00 0.00
9.500 2.81 0.13 22.97 0.06 0.02 0.07 0.05 0.00 0.00 0.00 0.00
6.700 3.41 0.16 53.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.750 3.15 1.60 0.00 1.60 0.00 1.97 2.52 1.28 3.42 0.00 0.00
3.350 2.11 2.35 0.00 2.35 0.00 2.90 5.39 3.57 9.57 0.00 0.00
2.360 1.59 3.19 0.00 3.20 0.02 3.93 6.51 4.07 10.83 0.04 0.04
1.700 1.14 3.84 0.00 3.85 0.01 4.74 5.81 2.87 7.59 0.06 0.05
1.180 1.10 5.97 0.00 5.98 0.05 7.35 7.08 2.53 6.63 0.08 0.07
0.850 0.80 6.28 0.00 6.30 0.06 7.74 6.52 1.71 4.46 0.07 0.07
0.600 0.73 7.85 0.00 7.87 0.06 9.68 7.67 1.66 4.31 0.08 0.08
0.425 0.70 7.52 0.00 7.54 0.04 9.27 7.32 1.59 4.05 0.12 0.11
0.300 0.66 7.91 0.00 7.94 0.03 9.76 8.02 2.05 5.10 0.23 0.20
0.212 0.54 6.89 0.00 6.91 0.04 8.50 7.68 2.63 6.30 0.44 0.36
0.150 0.50 6.35 0.00 6.37 0.16 7.81 8.41 4.03 9.42 0.81 0.69
0.106 0.51 5.71 0.00 5.72 0.65 6.90 8.72 6.26 11.77 2.98 2.54
0.075 0.48 4.80 0.00 4.82 2.75 5.29 5.60 7.65 6.12 8.56 7.47
0.053 0.42 4.66 0.00 4.68 10.66 3.29 3.00 9.82 2.52 14.18 13.52
0.038 0.30 3.40 0.00 3.41 10.96 1.67 1.54 7.36 1.32 10.95 10.96
0.000 2.81 21.25 0.00 21.32 74.41 9.04 8.12 40.93 6.59 61.39 63.84
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SAG Power, kW 1285
BM Power, kW 2526
CL 59.59

Plant 2/Screens Date: Sept 2017



Juan José Frausto González XXVIII

Flotation Circuit Data

Screen P1
May 15

Screen P1
Jun 15

Screen P1
Jul 15

Screen P1
Aug 15

Screen P1
Sept 15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 7.60 389.92 0.35 6.64 550.56 0.50 4.77 328.36 0.38 9.32 281.55 0.43 9.37 397.90 0.44
106 75 89 11.09 280.23 0.60 8.79 364.55 0.69 8.89 261.46 0.46 8.16 282.89 0.62 10.38 299.78 0.68
75 53 63 12.93 296.59 0.92 13.48 353.70 0.79 17.69 288.40 0.66 12.04 248.49 0.80 12.16 315.87 1.06
53 38 45 8.78 252.64 0.85 9.97 338.75 1.08 6.48 285.00 0.82 9.90 198.76 0.72 9.46 332.30 1.21
38 28 33 1.49 915.18 7.69 2.07 1264.12 5.68 1.28 1029.89 7.12 1.65 432.45 7.58 2.49 1106.35 9.79
28 21 24 6.08 525.93 1.91 8.06 733.03 1.28 5.79 766.61 2.23 7.28 388.13 1.52 7.33 557.26 2.24
21 15 18 8.41 299.13 0.99 9.60 395.49 0.70 9.55 296.33 0.94 9.42 232.91 0.82 9.51 335.48 1.22
15 10 12 5.53 294.15 1.00 6.95 365.81 0.69 7.87 259.01 0.80 7.30 214.21 0.76 7.45 294.91 1.07
10 7 8 5.16 264.31 0.91 6.20 331.17 0.66 6.28 221.00 0.74 5.82 194.72 0.66 6.47 249.12 0.91
7 1 3 32.92 155.64 0.61 28.25 157.38 0.43 31.41 100.21 0.49 29.10 107.30 0.44 25.36 148.80 0.72

100.00 273.18 0.90 100.00 363.63 0.81 100.00 259.95 0.80 100.00 214.49 0.79 100.00 314.43 1.20

Assays Assays Assays Assays AssaysFEED

TOTAL

Screen P1
Oct 15

Screen P1
Nov 15

Screen P1
Dec 15

Screen P1
Jan 16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 9.86 240.73 0.38 9.11 381.00 0.41 10.85 371.97 0.42 8.96 284.27 0.39
106 75 89 9.95 320.57 0.77 10.10 295.89 0.58 9.62 269.81 0.64 9.69 227.99 0.45
75 53 63 12.50 358.34 0.97 12.02 355.12 0.78 13.00 320.01 0.95 13.21 248.85 0.68
53 38 45 9.42 331.17 0.99 9.27 380.16 1.24 9.62 323.13 1.04 8.73 303.32 0.89
38 28 33 1.23 1159.37 10.44 1.36 1092.81 9.72 1.73 1140.05 12.21 1.36 947.26 9.98
28 21 24 5.69 723.21 1.98 6.49 653.15 2.17 5.88 862.07 2.75 6.54 618.13 1.52
21 15 18 9.44 322.45 0.95 9.65 349.70 1.16 9.17 373.78 1.27 9.44 294.37 0.76
15 10 12 7.28 279.53 0.79 7.28 307.49 0.97 7.00 314.70 1.13 7.29 260.65 0.67
10 7 8 5.92 255.16 0.75 5.86 270.64 0.90 5.87 280.50 1.08 6.02 233.55 0.67
7 1 3 28.70 150.54 0.59 28.86 139.14 0.56 27.25 146.66 0.65 28.75 103.19 0.43

100.00 296.13 0.93 100.00 311.93 0.97 100.00 322.22 1.14 100.00 250.78 0.77

Assays Assays AssaysAssaysFEED

TOTAL



Juan José Frausto González XXIX

Screen P1
May 15

Screen P1
Jun 15

Screen P1
Jul 15

Screen P1
Aug 15

Screen P1
Sept 15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 1.47 32477.36 35.26 1.53 29923.23 27.15 1.22 27952.17 33.20 1.81 25343.58 44.29 1.69 30510.50 33.15
106 75 89 5.23 14421.52 43.59 4.46 18493.26 40.53 3.83 16808.84 31.77 4.88 15108.46 38.57 4.93 13292.26 33.70
75 53 63 10.28 10503.45 41.99 9.64 13793.95 34.73 10.81 13147.31 34.19 9.56 10324.47 39.33 9.86 8689.67 33.24
53 38 45 7.27 8357.34 37.31 7.53 12742.59 44.74 5.00 11427.10 33.76 7.07 9080.04 40.14 8.87 7883.20 33.22
38 28 33 14.81 3247.30 29.55 15.89 5394.02 25.64 13.49 3202.37 24.53 13.70 1824.47 37.31 10.77 6176.57 60.94
28 21 24 10.65 9120.33 39.67 10.61 16658.32 32.07 11.07 10623.56 38.62 10.07 9255.66 40.35 9.83 10384.54 44.97
21 15 18 9.85 8614.27 31.40 9.89 12249.97 22.76 10.45 8708.21 29.27 9.91 7867.23 30.33 10.66 7270.81 28.06
15 10 12 7.32 7651.03 27.95 7.49 10979.84 21.73 8.41 7937.50 25.49 8.15 6834.12 26.33 8.52 6153.60 23.14
10 7 8 6.61 7099.38 26.14 6.91 9672.01 19.40 6.78 6695.49 21.61 6.89 5777.20 21.88 7.46 4970.48 19.38
7 1 3 26.50 4280.73 20.66 26.05 5073.71 10.71 28.95 3151.21 15.81 27.95 2820.64 16.18 27.41 2820.88 13.60

100.00 7383.88 30.77 100.00 10220.11 24.43 100.00 7528.53 25.83 100.00 6531.27 29.64 100.00 6855.92 29.57

Assays Assays Assays Assays Assays

TOTAL

CONCENTRATE

Screen P1
Oct 15

Screen P1
Nov 15

Screen P1
Dec 15

Screen P1
Jan 16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 2.16 16129.20 28.69 2.03 28192.83 35.57 1.66 28745.35 33.84 1.52 28210.85 26.49
106 75 89 4.87 14318.33 41.34 4.82 15811.85 36.42 3.89 14622.04 40.63 4.09 14688.01 33.86
75 53 63 10.28 10628.34 33.28 9.34 11998.15 32.80 9.45 10946.77 37.28 9.50 11254.65 33.34
53 38 45 8.99 8628.99 29.92 10.74 8950.67 35.72 7.76 9845.68 36.99 7.88 10526.98 35.74
38 28 33 10.86 3736.83 35.50 12.82 3767.01 35.24 16.57 3441.56 39.36 13.08 3712.01 41.64
28 21 24 9.44 11212.33 34.01 11.20 10322.89 39.27 10.89 12360.89 43.88 10.22 13184.47 34.85
21 15 18 10.38 7807.98 24.43 10.40 10001.70 34.67 9.44 10277.99 35.65 10.39 9646.43 27.29
15 10 12 8.18 6647.48 20.14 7.73 9033.49 28.96 7.46 8315.24 30.71 8.08 8493.66 23.05
10 7 8 7.06 5886.39 17.54 6.21 8086.26 26.26 6.36 7189.99 27.75 6.80 7539.45 22.62
7 1 3 27.77 3708.07 14.76 24.70 4364.59 17.59 26.52 3832.08 16.98 28.43 3433.09 12.94

100.00 7179.14 25.33 100.00 8374.40 30.11 100.00 7824.60 31.76 100.00 7939.60 26.69

Assays Assays Assays Assays

TOTAL

CONCENTRATE



Juan José Frausto González XXX

Screen P1
May 15

Screen P1
Jun 15

Screen P1
Jul 15

Screen P1
Aug 15

Screen P1
Sept 15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 7.77 228.55 0.17 6.79 355.40 0.32 4.86 136.90 0.15 9.50 163.65 0.22 9.67 197.97 0.22
106 75 89 11.25 105.74 0.07 8.91 97.42 0.10 9.03 67.20 0.09 8.25 66.21 0.06 10.59 69.63 0.09
75 53 63 13.00 82.10 0.06 13.59 72.82 0.08 17.88 73.18 0.09 12.11 52.01 0.04 12.25 59.76 0.07
53 38 45 8.82 75.03 0.05 10.04 64.53 0.11 6.52 48.65 0.13 9.97 43.34 0.03 9.49 63.84 0.07
38 28 33 1.14 107.16 0.11 1.66 100.17 0.06 0.94 169.82 0.23 1.36 85.49 0.17 2.17 151.73 0.16
28 21 24 5.96 117.66 0.11 7.98 109.27 0.07 5.64 231.58 0.25 7.22 82.60 0.18 7.23 49.52 0.03
21 15 18 8.37 39.38 0.04 9.59 34.88 0.03 9.52 40.95 0.08 9.40 34.30 0.05 9.47 38.78 0.07
15 10 12 5.49 33.21 0.04 6.94 27.90 0.02 7.86 31.62 0.07 7.28 31.22 0.05 7.41 38.78 0.10
10 7 8 5.12 30.04 0.04 6.18 23.34 0.04 6.27 27.28 0.12 5.79 30.84 0.04 6.44 40.98 0.10
7 1 3 33.09 67.87 0.19 28.31 24.04 0.16 31.48 22.58 0.10 29.13 43.05 0.06 25.28 38.66 0.19

100.00 84.28 0.11 100.00 73.10 0.11 100.00 58.84 0.11 100.00 58.57 0.08 100.00 65.72 0.12

Assays Assays Assays Assays Assays

TOTAL

TAILS

Screen P1
Oct 15

Screen P1
Nov 15

Screen P1
Dec 15

Screen P1
Jan 16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 10.13 125.38 0.18 9.32 201.56 0.18 11.15 231.57 0.25 9.15 167.00 0.28
106 75 89 10.12 91.24 0.10 10.26 79.81 0.08 9.81 80.49 0.12 9.83 75.85 0.09
75 53 63 12.58 72.65 0.07 12.10 88.51 0.05 13.12 65.01 0.08 13.31 50.13 0.09
53 38 45 9.44 62.04 0.05 9.22 84.34 0.05 9.68 68.80 0.08 8.76 70.73 0.10
38 28 33 0.90 98.08 0.13 1.02 97.89 0.22 1.24 116.16 0.14 1.07 89.53 0.16
28 21 24 5.56 117.36 0.13 6.35 147.89 0.23 5.72 132.10 0.14 6.45 114.45 0.18
21 15 18 9.41 41.42 0.07 9.63 40.47 0.09 9.16 34.01 0.09 9.42 33.40 0.02
15 10 12 7.25 35.14 0.05 7.27 32.50 0.09 6.99 30.24 0.08 7.27 29.21 0.04
10 7 8 5.89 25.14 0.06 5.85 24.79 0.11 5.86 30.79 0.11 6.00 24.31 0.04
7 1 3 28.73 33.50 0.12 28.98 32.37 0.12 27.27 27.31 0.12 28.76 19.96 0.12

100.00 61.88 0.10 100.00 72.94 0.11 100.00 72.39 0.12 100.00 56.40 0.11

Assays Assays AssaysAssays

TOTAL

TAILS
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Cyc P2 May
15

Cyc P2 Jun
15

Cyc P2 Jul
15

Cyc P2 Aug
15

Cyc P2 Sept
15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 6.56 107.95 0.14 7.62 127.08 0.17 4.41 64.48 0.17 11.18 82.62 0.15 5.08 72.39 0.09
75 53 63 12.22 57.97 0.04 12.52 91.66 0.12 12.15 42.98 0.12 15.33 64.22 0.06 12.38 99.30 0.17
53 38 45 10.88 135.77 0.08 11.97 159.19 0.13 12.54 78.44 0.18 1.51 537.58 0.48 9.13 150.96 0.16
38 28 33 2.15 901.31 4.14 1.85 1476.85 7.01 1.62 934.79 2.67 1.56 770.38 3.50 2.45 1238.64 4.07
28 21 24 8.68 563.38 1.51 7.51 1143.35 2.89 9.34 675.57 1.28 8.09 551.39 2.56 9.61 784.46 2.35
21 15 18 11.17 331.75 1.02 11.17 639.66 1.74 11.64 416.06 0.98 12.39 337.37 1.69 12.27 527.30 2.13
15 10 12 8.30 297.40 0.96 8.39 567.48 1.58 8.77 373.57 0.98 9.77 303.38 1.56 9.34 441.06 1.76
10 7 8 7.27 274.99 0.90 7.57 510.24 1.43 6.97 355.21 0.92 7.58 281.41 1.38 7.96 390.13 1.60
7 1 3 32.77 164.34 0.78 31.39 293.54 1.01 32.57 169.16 0.74 32.60 161.02 1.09 31.78 291.88 1.75

100.00 232.77 0.76 100.00 403.33 1.14 100.00 257.15 0.71 100.00 229.04 1.12 100.00 365.19 1.47TOTAL

Assays AssaysAssays Assays AssaysFEED

Cyc P2 Oct
15

Cyc P2 Nov
15

Cyc P2 Dec
15

Cyc P2 Jan
16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 10.53 87.34 0.10 7.33 80.96 0.09 8.29 44.10 0.05 5.85 49.10 0.11
75 53 63 13.40 78.45 0.07 12.46 87.46 0.08 12.83 38.51 0.04 12.27 48.62 0.07
53 38 45 9.90 179.56 0.13 10.04 214.50 0.14 11.30 219.40 0.39 10.00 105.28 0.12
38 28 33 1.49 1253.44 4.65 1.77 807.90 6.48 2.10 1615.61 6.45 1.69 1068.10 2.97
28 21 24 6.78 1058.83 2.85 8.00 1116.81 2.99 7.78 1217.95 3.18 9.03 496.53 1.27
21 15 18 11.63 564.06 1.71 11.86 830.06 1.94 11.37 692.01 1.98 11.81 355.19 1.03
15 10 12 8.60 498.72 1.49 8.61 669.06 1.87 8.45 587.20 1.97 8.98 326.63 0.93
10 7 8 6.83 463.56 1.35 7.02 296.27 1.74 6.81 448.56 1.33 7.32 305.91 0.89
7 1 3 30.84 279.42 1.13 32.89 239.80 1.20 31.05 176.15 1.09 33.06 173.71 0.69

100.00 354.27 1.06 100.00 397.81 1.29 100.00 375.68 1.26 100.00 233.34 0.69TOTAL

Assays Assays Assays AssaysFEED

Cyc P2 May
15

Cyc P2 Jun
15

Cyc P2 Jul
15

Cyc P2 Aug
15

Cyc P2 Sept
15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 1.62 11817.20 18.28 0.43 32939.87 24.90 0.19 12219.70 16.90 1.15 18496.26 38.39 0.00 19.49 0.32
75 53 63 1.95 10968.23 8.30 0.75 40462.15 16.87 0.70 18109.44 8.07 1.35 23502.48 24.43 2.13 11970.13 20.93
53 38 45 4.30 9084.65 7.01 2.14 25638.35 11.64 2.52 11768.56 5.37 1.78 19045.66 17.22 2.82 11831.88 11.95
38 28 33 12.75 7026.59 35.66 14.54 7598.86 38.00 10.52 6688.15 19.09 8.46 5570.71 26.64 9.56 8097.38 27.82
28 21 24 15.81 12403.41 40.21 17.15 19173.18 50.67 16.42 17658.76 31.79 15.92 10666.22 51.82 15.58 11479.43 36.88
21 15 18 14.85 11119.96 37.65 16.90 16781.80 45.31 15.87 13400.13 32.49 17.14 9339.44 50.99 18.19 8656.55 37.89
15 10 12 10.63 10490.34 36.55 11.72 16186.66 46.37 11.95 11655.42 31.58 12.93 8706.14 48.95 10.91 9017.53 39.05
10 7 8 8.98 10101.63 34.83 9.41 16308.36 46.20 9.21 10746.33 31.47 9.82 8224.75 44.32 8.51 8557.56 38.67
7 1 3 29.12 7425.38 22.64 26.96 11527.63 31.35 32.61 7490.96 22.07 31.45 6304.74 37.54 32.30 6496.82 37.26

100.00 9487.62 30.85 100.00 14762.68 40.59 100.00 11002.81 26.48 100.00 8554.37 42.81 100.00 8536.24 35.67

Assays Assays Assays AssaysCONCENTRATE

TOTAL

Assays
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Cyc P2 Oct
15

Cyc P2 Nov
15

Cyc P2 Dec
15

Cyc P2 Jan
16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 1.59 14159.31 18.51 0.47 30070.67 17.44 0.00 8.01 0.39 0.46 17965.92 14.70
75 53 63 1.88 12812.41 13.31 0.94 27141.99 7.89 0.00 16889.60 9.60 1.23 13678.49 6.37
53 38 45 3.58 13386.79 9.63 3.13 18929.77 6.77 4.48 14532.25 29.22 3.27 12078.04 6.82
38 28 33 11.92 5480.44 21.05 10.98 3797.48 35.03 13.38 7888.46 32.25 9.03 12047.49 33.63
28 21 24 16.18 15029.69 42.31 17.09 15762.03 43.10 17.11 16338.58 43.21 16.36 15468.92 39.26
21 15 18 16.32 13275.08 43.37 16.85 18577.48 43.51 16.54 14467.69 42.52 17.27 13319.64 39.30
15 10 12 11.43 12488.35 39.71 11.58 15709.95 44.28 11.93 12738.94 42.63 12.54 12971.71 36.56
10 7 8 8.72 12045.73 36.69 8.55 7217.56 45.28 9.35 9833.96 28.84 9.51 12614.19 36.25
7 1 3 28.37 8417.34 28.58 30.41 6501.23 31.83 27.22 5021.95 22.45 30.33 8316.68 22.75

100.00 11063.81 33.17 100.00 11643.52 37.59 100.00 10699.98 33.94 100.00 11913.52 31.55

Assays AssaysAssays AssaysCONCENTRATE

TOTAL

Cyc P2 May
15

Cyc P2 Jun
15

Cyc P2 Jul
15

Cyc P2 Aug
15

Cyc P2 Sept
15

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 6.66 52.48 0.05 7.78 84.72 0.14 4.50 53.52 0.15 11.41 39.26 0.06 5.27 72.39 0.09
75 53 63 12.42 24.64 0.02 12.80 36.35 0.09 12.39 21.17 0.11 15.66 17.09 0.01 12.76 25.43 0.04
53 38 45 11.00 67.70 0.03 12.20 54.76 0.08 12.76 29.11 0.16 1.50 24.38 0.02 9.37 20.14 0.03
38 28 33 1.94 117.51 0.11 1.56 140.37 0.25 1.43 32.09 0.10 1.39 88.58 0.21 2.19 120.59 0.20
28 21 24 8.54 136.74 0.11 7.28 151.11 0.26 9.19 27.41 0.12 7.91 74.87 0.24 9.38 122.79 0.22
21 15 18 11.10 50.85 0.06 11.04 62.42 0.19 11.55 34.72 0.05 12.27 43.11 0.08 12.05 70.12 0.12
15 10 12 8.25 41.83 0.07 8.32 53.36 0.11 8.70 42.34 0.08 9.69 41.08 0.08 9.28 65.49 0.12
10 7 8 7.24 37.76 0.08 7.53 48.81 0.12 6.92 59.56 0.05 7.53 38.86 0.07 7.94 63.90 0.12
7 1 3 32.84 38.99 0.40 31.49 68.80 0.40 32.57 12.55 0.28 32.63 22.44 0.27 31.76 56.71 0.40

100.00 52.60 0.17 100.00 67.79 0.22 100.00 27.62 0.16 100.00 34.20 0.14 100.00 60.72 0.20

Assays Assays Assays Assays AssaysTAILS

TOTAL
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Cyc P2 Oct
15

Cyc P2 Nov
15

Cyc P2 Dec
15

Cyc P2 Jan
16

Up Size, µm Lo Size, µm Geo M Size, µm %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, % %Retained Ag (g/t) Pb, %
212 106 150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
106 75 89 10.78 29.70 0.02 7.54 24.99 0.06 8.55 44.10 0.05 5.94 26.61 0.09
75 53 63 13.72 30.00 0.02 12.80 28.16 0.06 13.23 38.51 0.04 12.45 26.80 0.06
53 38 45 10.07 49.52 0.04 10.25 44.01 0.08 11.52 46.16 0.04 10.11 42.45 0.09
38 28 33 1.20 86.62 0.13 1.50 154.47 0.25 1.75 125.35 0.32 1.57 46.92 0.12
28 21 24 6.52 97.58 0.13 7.73 149.86 0.34 7.48 141.46 0.33 8.91 51.00 0.14
21 15 18 11.50 63.72 0.07 11.72 68.27 0.16 11.21 59.27 0.12 11.72 45.58 0.11
15 10 12 8.53 53.19 0.07 8.52 59.35 0.15 8.35 46.45 0.16 8.92 38.53 0.12
10 7 8 6.78 50.47 0.09 6.98 42.99 0.15 6.73 42.71 0.14 7.29 45.67 0.14
7 1 3 30.90 72.24 0.43 32.96 67.43 0.36 31.17 44.38 0.51 33.10 52.81 0.36

100.00 57.31 0.17 100.00 62.18 0.21 100.00 54.20 0.24 100.00 44.07 0.19

AssaysAssays Assays AssaysTAILS

TOTAL

Upper Size Lower Size Mean May-15 Jun-15 Jul-15 Aug-15 Sep-15 Oct-15 Nov-15 Dec-15 Jan-16
µm µm µm Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, %
212 106 150 41.7 35.9 58.6 42.1 50.6 48.3 47.4 38.1 41.5
106 75 89 62.7 73.7 74.6 76.9 77.2 72.0 73.4 70.6 67.1
75 53 63 72.9 79.8 75.0 79.5 81.6 80.3 75.6 80.2 80.2
53 38 45 70.9 81.4 83.3 78.6 81.4 81.9 78.6 79.3 77.2
38 28 33 91.3 93.8 88.2 84.2 88.5 94.0 93.5 92.9 92.8
28 21 24 78.6 85.7 71.3 79.4 91.6 84.7 78.5 85.6 82.2
21 15 18 87.2 91.4 86.6 85.6 88.9 87.6 88.8 91.2 89.0
15 10 12 89.1 92.6 88.1 85.8 87.4 87.9 89.8 90.7 89.1
10 7 8 89.0 93.2 88.0 84.6 84.2 90.5 91.1 89.4 89.9
7 3 5 57.3 85.1 78.0 60.8 75.0 78.5 77.3 82.0 81.1

69.9 80.5 78.0 73.4 79.9 79.8 77.3 78.3 78.1

Silver Recovery, %

Total Recovery, %

Screens
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Upper Size Lower Size Mean May-15 Jun-15 Jul-15 Aug-15 Sep-15 Oct-15 Nov-15 Dec-15 Jan-16
µm µm µm Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, %
212 106 150 50.6 35.8 60.1 48.3 49.8 53.8 55.8 39.9 28.3
106 75 89 88.3 85.7 79.9 89.8 86.6 87.1 86.2 82.3 79.3
75 53 63 93.7 90.0 85.9 94.7 93.4 93.0 93.9 91.6 87.0
53 38 45 94.1 89.9 85.1 95.6 94.3 95.1 96.2 92.3 89.0
38 28 33 98.9 99.2 97.7 98.2 98.7 99.1 98.3 99.2 98.8
28 21 24 94.4 94.6 89.3 88.4 98.7 93.6 89.8 95.4 88.6
21 15 18 96.1 95.8 91.6 93.6 94.5 92.9 92.7 93.1 97.4
15 10 12 96.1 97.2 91.5 93.2 91.0 93.9 91.2 93.1 94.2
10 7 8 95.7 94.1 84.6 93.9 89.6 92.2 88.5 90.0 94.2
7 3 5 70.4 65.2 79.8 85.9 74.9 79.7 78.2 82.3 73.3

88.1 86.7 86.7 90.1 90.3 89.6 89.0 89.8 86.0Total Recovery, %

Screens Lead Recovery, %

Upper Size Lower Size Mean May-15 Jun-15 Jul-15 Aug-15 Sep-15 Oct-15 Nov-15 Dec-15 Jan-16
µm µm µm Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, %
212 106 150 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
106 75 89 51.6 33.4 17.1 52.6 0.0 66.1 69.2 0.0 45.8
75 53 63 57.6 60.4 50.8 73.4 74.5 61.9 67.9 0.0 45.0
53 38 45 50.5 65.7 63.0 95.6 86.8 72.7 79.7 79.2 59.9
38 28 33 88.4 92.2 97.0 89.9 91.6 94.6 84.3 93.7 96.0
28 21 24 76.6 87.5 96.1 87.0 85.3 91.4 87.4 89.2 90.0
21 15 18 85.1 90.6 91.9 87.6 87.4 89.1 92.1 91.8 87.5
15 10 12 86.3 90.9 89.0 86.9 85.8 89.7 91.5 92.4 88.5
10 7 8 86.6 90.7 83.7 86.6 84.3 89.5 86.0 90.9 85.4
7 3 5 76.7 77.0 92.7 86.4 81.3 74.8 72.6 75.5 70.0

77.8 83.6 89.5 85.4 84.0 84.3 84.8 86.0 81.4

Silver Recovery, %Hydrocyclones

Total Recovery, %
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Upper Size Lower Size Mean May-15 Jun-15 Jul-15 Aug-15 Sep-15 Oct-15 Nov-15 Dec-15 Jan-16
µm µm µm Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, % Rec, %
212 106 150 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
106 75 89 61.6 19.1 9.2 58.5 0.0 78.3 36.8 0.0 16.7
75 53 63 57.1 19.9 8.3 83.1 75.6 69.7 23.0 0.0 14.5
53 38 45 64.0 37.7 12.6 96.0 81.7 72.5 43.9 89.2 29.1
38 28 33 97.7 97.1 96.9 94.6 95.8 97.9 96.9 96.1 96.4
28 21 24 92.7 91.4 91.3 90.9 91.4 95.7 89.4 90.2 89.6
21 15 18 94.1 89.7 94.9 95.4 94.6 96.0 92.2 94.2 89.3
15 10 12 92.8 93.3 91.9 95.0 93.3 95.4 92.3 92.2 87.2
10 7 8 91.2 91.9 94.6 95.0 92.7 93.5 91.6 89.7 84.4
7 3 5 49.5 60.9 62.8 76.2 77.9 63.1 70.8 54.5 48.3

77.9 81.1 78.0 87.7 86.9 84.3 84.2 81.5 73.0

Lead Recovery, %Hydrocyclones

Total Recovery, %
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Liberation Data

Hydrocyclones

Galena Composition of Particle (Wt%) PbCon+53_XBSE - 0% <= x < 30% PbCon+53_XBSE - 30% <= x < 90% PbCon+53_XBSE - 90% <= x <= 100%
No. of Particles 3343 338 620

Mean Phase ECD (µm) 5.89 13.98 47.72
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 65.92 9.56 24.52
Mean Density 3.67 4.88 6.42

Distribution of Mineral (%) 7.21 16.31 76.48
Cum. Distn. of Mineral (%) 0 100 83.69

Galena Composition of Particle (Wt%) PbCon+38_XBSE - 0% <= x < 30% PbCon+38_XBSE - 30% <= x < 90% PbCon+38_XBSE - 90% <= x <= 100%
No. of Particles 13643 1407 1153

Mean Phase ECD (µm) 5.02 11.02 31.91
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 79.4 10.22 10.38
Mean Density 3.87 4.85 6.43

Distribution of Mineral (%) 18.39 27.82 53.79
Cum. Distn. of Mineral (%) 0 100 72.18

Galena Composition of Particle (Wt%) PbCon-38_XBSE - 0% <= x < 30% PbCon-38_XBSE - 30% <= x < 90% PbCon-38_XBSE - 90% <= x <= 100%
No. of Particles 11674 1171 2862

Mean Phase ECD (µm) 4.08 8.79 12.25
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 74.11 11.2 14.68
Mean Density 3.97 5.01 6.39

Distribution of Mineral (%) 11.9 25.94 62.15
Cum. Distn. of Mineral (%) 0 100 74.06
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Galena Composition of Particle (Wt%) Pb Tail +53 - 0% <= x < 30% Pb Tail +53 - 30% <= x < 90% Pb Tail +53 - 90% <= x <= 100%
No. of Particles 46430 9 9

Mean Phase ECD (µm) 3.48 17.02 98.03
Mean Phase Max Span (µm) 5.23 29.5 116

Particle Distribution (%) 99.96 0.02 0.02
Mean Density 2.71 3.86 2.02

Distribution of Mineral (%) 54.89 14.72 30.39
Cum. Distn. of Mineral (%) 0 100 85.28

Galena Composition of Particle (Wt%) PbTail+38_XBSE - 0% <= x < 30% PbTail+38_XBSE - 30% <= x < 90% PbTail+38_XBSE - 90% <= x <= 100%
No. of Particles 17753 8 0

Mean Phase ECD (µm) 3.07 7.84 0
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 99.94 0.06 0
Mean Density 2.77 4.1 0

Distribution of Mineral (%) 73.87 26.13 0
Cum. Distn. of Mineral (%) 0 100 73.87

Galena Composition of Particle (Wt%) PbTail-38_XBSE - 0% <= x < 30% PbTail-38_XBSE - 30% <= x < 90% PbTail-38_XBSE - 90% <= x <= 100%
No. of Particles 27465 183 94

Mean Phase ECD (µm) 2.07 4.08 4.94
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 99.17 0.59 0.24
Mean Density 2.89 4.63 6.14

Distribution of Mineral (%) 24.19 44.95 30.86
Cum. Distn. of Mineral (%) 0 100 55.05
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Screens

Galena Composition of Particle (Wt%) New Conc +53 Comb - 0% <= x <= 30% New Conc +53 Comb - 30% < x < 90% New Conc +53 Comb - 90% <= x <= 100%
No. of Particles 19012 3547 6593

Mean Phase ECD (µm) 6.87 15.52 46.71
Mean Phase Max Span (µm) 11.37 24.73 63.16

Particle Distribution (%) 47.68 15.29 37.03
Mean Density 4.08 5.13 6.47

Distribution of Mineral (%) 5.2 17.97 76.83
Cum. Distn. of Mineral (%) 0 100 82.03

Galena Composition of Particle (Wt%) PbCon+38_XBSE - 0% <= x <= 30% PbCon+38_XBSE - 30% < x < 90% PbCon+38_XBSE - 90% <= x <= 100%
No. of Particles 10789 2073 4303

Mean Phase ECD (µm) 5.58 12.64 35.08
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 52.4 13.43 34.17
Mean Density 4.08 5.01 6.47

Distribution of Mineral (%) 6.41 16.78 76.81
Cum. Distn. of Mineral (%) 0 100 83.22

Galena Composition of Particle (Wt%) PbCon-38_XBSE - 0% <= x <= 30% PbCon-38_XBSE - 30% < x < 90% PbCon-38_XBSE - 90% <= x <= 100%
No. of Particles 12482 1582 6512

Mean Phase ECD (µm) 4.21 9.76 17.74
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 51.98 11.99 36.03
Mean Density 4.07 5.13 6.47

Distribution of Mineral (%) 5.01 15.34 79.65
Cum. Distn. of Mineral (%) 0 100 84.66
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Galena Composition of Particle (Wt%) New Comb +53Tail - 0% <= x <= 30% New Comb +53Tail - 30% < x < 90% New Comb +53Tail - 90% <= x <= 100%
No. of Particles 61984 9 2

Mean Phase ECD (µm) 4.75 16.42 41.53
Mean Phase Max Span (µm) 7.29 22.81 56.92

Particle Distribution (%) 99.98 0.02 0.01
Mean Density 2.76 3.78 2.73

Distribution of Mineral (%) 77.19 9.71 13.1
Cum. Distn. of Mineral (%) 0 100 90.29

Galena Composition of Particle (Wt%) PbTail+38_XBSE - 0% <= x <= 30% PbTail+38_XBSE - 30% < x < 90% PbTail+38_XBSE - 90% <= x <= 100%
No. of Particles 17415 3 1

Mean Phase ECD (µm) 3.07 6.81 17.05
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 99.98 0.02 0
Mean Density 2.79 5.37 6.5

Distribution of Mineral (%) 82.57 12.64 4.79
Cum. Distn. of Mineral (%) 0 100 87.36

Galena Composition of Particle (Wt%) PbTail-38_XBSE - 0% <= x <= 30% PbTail-38_XBSE - 30% < x < 90% PbTail-38_XBSE - 90% <= x <= 100%
No. of Particles 17838 38 27

Mean Phase ECD (µm) 1.74 3.38 4.68
Mean Phase Max Span (µm) 0 0 0

Particle Distribution (%) 99.77 0.14 0.09
Mean Density 2.81 4.61 6.08

Distribution of Mineral (%) 40.31 28.73 30.97
Cum. Distn. of Mineral (%) 0 100 71.27
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Flotation Program

A B C D
A: Reagent B: %Solids C: Scalping D: Device AB AC AD BC BD CD ABC ABD BCD ABCD

1 1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 1
2 2 1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 -1 -1
3 3 -1 1 -1 -1 -1 1 1 -1 -1 1 1 1 1 -1
4 4 1 1 -1 -1 1 -1 -1 -1 -1 1 -1 -1 1 1

16 5 -1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
15 6 1 -1 1 -1 -1 1 -1 -1 1 -1 -1 1 1 1
14 7 -1 1 1 -1 -1 -1 1 1 -1 -1 -1 1 -1 1
13 8 1 1 1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1
5 9 -1 -1 -1 1 1 1 -1 1 -1 -1 -1 1 1 -1
6 10 1 -1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 1
7 11 -1 1 -1 1 -1 1 -1 -1 1 -1 1 -1 -1 1
8 12 1 1 -1 1 1 -1 1 -1 1 -1 -1 1 -1 -1
9 13 -1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 1

10 14 1 -1 1 1 -1 1 1 -1 -1 1 -1 -1 -1 -1
11 15 -1 1 1 1 -1 -1 -1 1 1 1 -1 -1 1 -1
12 16 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Test Code

Classifier

Cyclone

Screen

Test Obs
Interactions
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Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 25.95 1.72 13.580
1 11.25 0.74 8.730
3 22.50 1.49 4.150
6 16.35 1.08 2.300

Tails 1435.95 94.97 0.069
Total 1512.00 100.00 0.450

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 16.80 1.09 24.280
1 13.35 0.87 14.780
3 24.75 1.61 8.200
6 19.80 1.29 4.440

Tails 1461.30 95.14 0.069
Total 1536.00 100.00 0.649

Sample
2

1
Sample

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 19.80 0.66 32.690
1 18.30 0.61 20.150
3 26.55 0.88 13.040
6 42.15 1.40 4.450

Tails 2911.50 96.46 0.090
Total 3018.30 100.00 0.600

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 27.75 0.96 28.900
1 19.65 0.68 17.190
3 35.70 1.23 8.530
6 39.90 1.37 2.720

Tails 2781.45 95.77 0.053
Total 2904.45 100.00 0.585

4
Sample

3
Sample

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 26.70 1.75 21.310
1 15.45 1.01 12.260
3 25.14 1.65 7.140
6 27.00 1.77 3.660

Tails 1433.85 93.83 0.046
Total 1528.14 100.00 0.722

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 39.45 2.56 19.560
1 24.00 1.56 4.680
3 33.15 2.15 1.620
6 61.35 3.99 0.333

Tails 1381.05 89.74 0.029
Total 1539.00 100.00 0.649

Sample
6

5
Sample
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Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 34.35 1.16 34.270
1 19.20 0.65 14.820
3 37.65 1.27 6.680
6 48.75 1.65 1.640

Tails 2818.20 95.27 0.044
Total 2958.15 100.00 0.648

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 51.15 1.77 23.310
1 25.80 0.89 6.740
3 43.80 1.51 2.520
6 56.55 1.95 0.766

Tails 2718.15 93.88 0.032
Total 2895.45 100.00 0.555

8
Sample

7
Sample

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 32.40 1.84 10.230
1 18.00 1.02 9.850
3 16.35 0.93 6.950
6 33.00 1.87 0.943

Tails 1661.85 94.34 0.018
Total 1761.60 100.00 0.388

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 46.80 2.44 13.960
1 15.75 0.82 4.950
3 18.90 0.99 3.900
6 37.20 1.94 0.451

Tails 1798.65 93.81 0.018
Total 1917.30 100.00 0.445

10
Sample

9
Sample

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 66.30 1.66 19.570
1 29.40 0.74 5.530
3 55.50 1.39 3.220
6 145.80 3.65 0.600

Tails 3701.70 92.57 0.020
Total 3998.70 100.00 0.450

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 82.80 2.28 11.170
1 37.35 1.03 3.450
3 57.60 1.59 4.300
6 72.75 2.01 0.998

Tails 3373.52 93.09 0.019
Total 3624.02 100.00 0.397

12
Sample

11
Sample
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Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 113.25 3.34 4.210
1 36.45 1.07 1.660
3 36.30 1.07 1.690
6 35.55 1.05 0.370

Tails 3172.50 93.47 0.014
Total 3394.05 100.00 0.193

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 45.15 1.56 2.710
1 21.60 0.75 2.420
3 30.30 1.05 2.560
6 29.55 1.02 0.627

Tails 2759.55 95.61 0.012
Total 2886.15 100.00 0.105

13
Sample

14
Sample

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 79.95 3.83 4.690
1 24.00 1.15 2.010
3 26.70 1.28 1.650
6 26.85 1.29 0.451

Tails 1928.70 92.45 0.017
Total 2086.20 100.00 0.245

Test
Assay

Time, min Dry Weight % Mass Pb, %
0.5 45.15 2.27 5.410
1 0.00 0.00 5.410
3 46.35 2.33 3.160
6 28.65 1.44 1.000

Tails 1869.15 93.96 0.017
Total 1989.30 100.00 0.227

16
Sample

15
Sample




