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ABSTRACT 
 

The mining industry faces increasing economic, environmental and social challenges, as easier 
deposits deplete and ores become more difficult to mine and process; head grades decline; projects migrate 
to increasingly remote and difficult geographies; and the industry faces more stringent environmental and 
social standards. While these factors increase costs and risks, they also present opportunities for a more 
integrated approach to mining, processing, materials handling and waste management. Two key areas of 
risk are in tailings and water management. As mining and processing tonnage rates continue to increase, 
the disturbance footprints, water and energy consumption and scale of tailings storage facilities also rise. 
These factors can be mitigated by more selective mining, ore sorting and pre-concentration, and more 
intensive tailings dewatering. Such alternatives must be considered in conjunction with the selection of 
mining method, metallurgical flowsheets, major equipment selection, and key process design criteria. For 
example, increasing the grind size of a concentrator reduces energy consumption and eases tailings 
dewatering, but may cause challenges with metal recovery. Emerging technologies will be reviewed, and 
economic and environmental trade-offs for eco-efficient alternatives will be presented for metal sulfide 
mines.   
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INTRODUCTION 
 

The metals mining industry faces significant challenges that can affect its financial viability and 
social license to operate. There has been a consistent decline in ore grades and a relentless push towards 
larger operations to capture perceived economies of scale. With these larger operations, the environmental 
footprint of mines has increased. Water and energy consumption, and resulting GHG emissions have also 
risen. 

 
In recent years, two issues have raised special concerns for stakeholders and companies: 
• Water scarcity, particularly in drier regions of the world such as Northern Chile, SW USA, 

Southern Africa and Australia 
• Tailings risks, following the high-profile failures of the Fundao tailings dam in Minas Gerais, 

Brazil in 2015 and the Mount Polley tailings dam in BC, Canada in 2014 
 
Water consumption and tailings risks are greatly affected by the scale of the mining and 

processing operations, and the properties of tailings generated. These properties are in turn influenced by 
the process flowsheet, equipment selection and main process design criteria. For mines with milling 
operations, such as gold cyanide leach and carbon adsorption circuits, or base metals flotation circuits, 
water consumption tends to link directly to the quantity of tailings produced and the level of tailings 
dewatering and water reclaim. In addition, mines must pay close attention to control of acid rock drainage 
(ARD), which can occur when water contacts sulfide bearing waste rock and tailings. Segregation and 
selective placement of potentially acid-generating materials is often necessary to avoid long-term pollution. 

 
Energy consumption in mining is generally dominated by two uses: 
• Diesel fuel for ore and waste rock haulage in open pit mines 
• Electricity consumption for comminution, i.e. crushing and grinding 
 
Consumption can be reduced by adopting underground mining methods, which generate lower 

waste movement, preconcentration to reject gangue at coarse sizes, and coarser particle processing, for 
example increasing grind sizes. Such alternatives must be properly assessed for viability. 

 
Interactions between mining method, process flowsheet design, equipment selection and major 

process criteria are examined, and their effect on economics and eco-efficiency is evaluated. 
 
 

MINING AND PROCESSING ENVIRONMENTAL IMPACTS, METRICS AND RISKS 
 
Key environmental metrics 

 
Mining and processing operations result in a variety of environmental impacts, which can be 

considered on a temporal, specific or ratio basis. Examples of key impacts are included in Table 1. Mining 
companies now often report such metrics in their sustainability reports, and for the Global Reporting 
Initiative (GRI) Sustainability Reporting Standards. Water metrics could be extended to include quality of 
input water and metal loadings in discharge water, however, these are beyond the scope of the current 
paper. 

 
Environmental metrics driver trees 
 
Environmental impacts from mining and processing operations can be described using environmental 
metrics driver trees. This tool defines the temporal production quantities, specific uses and impact 
intensities relating to an environmental metric. Figure 1 shows an example for GHG emissions from a 
copper mining and processing operation. In this case, quantities of ore treated, specific energy use and 
GHG intensity of energy inputs can be combined to estimate temporal GHG emissions, and the emissions 
per unit of copper metal recovered.  
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Table 1. Key environmental impact metrics of mining 
Category Description Metric type Example units 

Water consumption Quantity of water consumed in operations Temporal ML/y 

Specific m3/t ore 

Specific m3/t Cu produced 

Water recycled Proportion of recycled water to total water 
consumed Ratio % 

Energy 
consumption 

Quantity of energy consumed in 
operations 

Temporal GJ/y 

Specific kW/t ore milled 

Specific GJ/t Cu produced 

GHG emissions GHG emissions produced from operations 
(Scope 1 and 2) 

Temporal t CO2-e/y 

Specific t CO2-e/t Cu 
produced 

Disturbance 
footprint 

Land area disturbed by mining excavation 
and waste facilities, or area rehabilitated Temporal ha/y 

Waste generated Quantity of waste rock and tailings 
generated by operations 

Temporal t/y waste rock 

Specific t tailings/t Cu 
produced 

 
 

 
Figure 1. Environmental metric driver tree for GHG emissions - copper sulfide open pit mining operation 
 
Driver trees can help an operation understand how to reduce its environmental impact. For example, falling 
head grade would reduce the quantity of copper metal produced, and all things being equal, would result in 
higher GHG emissions/t Cu produced. To arrest the impact of falling head grade, a mine would either need 
to reduce specific energy input (e.g. use less L diesel per tonne ore mined) or reduce the GHG intensity of 
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the energy input (e.g. convert from diesel to renewable electricity for trucks). Driver trees can also be 
produced for cash flow from a mining operation, see Figure 2. Many of the parameters are similar between 
the driver trees, highlighting areas of alignment where more sustainable practices (e.g. lowering energy 
consumption) can also improve profitability through lower operating costs. 
 
 

 
Figure 2. Cash flow driver tree - copper sulfide open pit mining operation 
 
Environmental, social and financial risks 

 
Risk is a function of consequence and likelihood of an event. Key environmental and social risks 

can relate to specific time based events, e.g. the catastrophic collapse of a tailings dam, or chronic events 
such as long-term conflict around water supply, and managing water pollution from ARD. Financial risks 
can destroy shareholder value or lead to societal costs, for example, if a mine is mismanaged, misses 
production and safety targets and is forced into bankruptcy. There can be interaction between financial and 
environmental risks, for example if a mine shuts suddenly due to economic circumstances, leaving waste 
facilities that still require rehabilitation. Environmental risks are heavily influenced by design factors. 
While such risks are assessed during study phases and environmental assessment, assumptions may turn 
out to be invalid, or changes may occur in the operations phase. Therefore, it is critical for mining 
companies and regulators to continue to assess and mitigate environmental risks as circumstances and 
operations change. 

 
 

TAILINGS AND WATER MANAGEMENT 
 
Tailings, the waste product from milling operations, pose significant potential environmental risks 

and must be disposed of in a safe and responsible manner. There are several aspects of tailings storage 
facility (TSF) design and operation that interact with mining and processing, including: 

• Properties of tailings generated by mill, and effect on dewatering and deposition behaviour 
• Tailings dewatering facilities design and location in relation to mill and TSF 
• Siting of tailings dewatering plant and TSF, and cost of transportation of tailings and water to 

and from the mill 
• Embankment construction, where materials are derived from mine waste rock and/or tailings 
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• Segregation of tailings streams and waste stabilization where required for environmental 
management, e.g. desulfurizing tailings to mitigate ARD risks, or separation of a cyanide 
leach residue fraction from other tailings 

• Production of backfill materials incorporating tailings, where required in underground mining 
• Water quantity recovered and reused from tailings, the influence on the overall water balance 

and make-up water consumption and any related and water quality effects on processing 
• The capital and operating cost of all tailings related activities, and the impact these have on 

ore cut-off grade, mining and processing schedule 
 

Tailings dewatering and water reclaim 
 

At mine sites with milling operations, water losses associated with tailings are often the largest 
driver of water consumption (Dunne, 2010). These losses come primarily in three forms – water trapped in 
the pores of settled tailings, water evaporation from wetted beaches and ponds and uncaptured water 
seepage.  These losses are affected by the type and level of dewatering of tailings, and the tailings 
deposition methods (Barrera et al, 2004). 

 
Water content in tailings 

 
The water content in a tailings stream is related to % solids as shown in Equation (1). As the 

density of water is approximately one, the water content in m3 water per t solids is approximately equal to 
the t water per t solids. Figure 3 shows the resulting relationship at typical % solids for different levels of 
tailings dewatering.  
 
                                  Water content in tailings t = Solids content t x (100% – % Solids) (1) 

                                                                           % Solids 
 

 
 
Figure 3. Water content of tailings for different levels of dewatering 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W
at
er
	c
on
te
nt
	(
t/
t	s
ol
id
s)

Tailings	slurry	or	cake	%	solids

Typical	flotation	
tailings

Typical	thickened	
tailings

Typical	paste	
thickened	tailings

Typical	filtered	
tailings



6 
 

Typical flotation plant tailings contain around 30 – 35% solids, as water helps suspend solids and 
generate favourable conditions for particle separation. In some cases, tailings are directly deposited into a 
TSF, but it is now common industry practice to thicken tailings prior to discharge. Thickeners incorporate 
flocculation and feedwell dilution to achieve high rates of settling and good overflow clarity, while 
minimizing thickener area. Thickening allows direct recycle of much of the water contained in tailings 
directly back to the process, and better control of tailings deposition and beaching.  

 
When unthickened or thickened tailings are deposited into a TSF, tailings generally consolidate. 

The level of consolidation depends on tailings deposition method and slurry characteristics. Upon 
consolidation, much of the water content in discharged tailings migrates to the water pond in the TSF and 
can potentially be reclaimed for reuse, for example by using floating barge pumps, or treated for discharge. 
Decant water must be free of suspended solids and certain contaminants prior to returning to plant, and 
often a minimum water pond depth is required to maintain water quality. The deposition density and 
location of discharge points relative to the water reclaim pond can have a significant effect on overall water 
losses to tailings. Barrera el al (2004) describes a case study at the Collahuasi copper mine in Chile. Water 
losses to were minimized by thickening tailings to 60% solids and controlling placement of tailings to 
minimize evaporation losses from wetted beaches and water ponds. It was estimated that these changes 
reduced tailings water losses by approximately 10%. 
 
Paste thickening, tailings filtration and dry stacking 

 
In some cases, operations employ more intense dewatering methods such as paste thickening or 

tailings filtration, which allow higher densities and water recoveries. Paste thickening and tailings filtration 
are used where dewatered material is needed for underground mine backfill, TSF safety requirements are 
strict, TSF capacity is restricted, and very high water recycling rates are desired. Paste thickening produces 
steeper beach angles than unthickened or thickened tailings, and due to lower water content, results in a 
significantly higher storage capacity for a given TSF footprint area. Filtered tailings can be dry stacked 
using trucks or conveyors. Both paste and dry stack tailings facilities may release small quantities of bleed 
water, which can either be evaporated or recycled back to the process. Table 2 shows a selection of sites 
using tailings filtration and dry stacking.  

 
Table 2. Example sites using tailings filtration and dry stack practice 

Company and 
operation 

Country Commodity Process type Throughput (t/d) 

   Design Actual 2016 

Glencore Raglan1 Canada Ni/Cu Flotation 4,000 n/a 

Kinross La Coipa1 Chile Au/Ag Leach Merrill Crowe 18,000 02 

Tahoe Resources 
Escobal3 

Guatamala Ag/Pb/Zn Flotation 3,500 4,356 

Torex Gold El 
Limon-Guajes4 

Mexico Au Leach CIP 14,000 9,226 

Hecla Mining Greens 
Creek5 

USA Ag/Zn/Pb/Au Flotation 2,000 2,031 

1 Lupo (2008). 2 On care and maintenance since 2013. 3 Tahoe Resources (2017). 4 Torex Gold Inc (2017). 5 Hecla Mining (2017). 
 
Tailings filtration has, till now, only been employed at rates of up to 20,000 t/d, although detailed 

engineering studies have been completed at much higher throughput rates, for example for the 70,000 t/d 
Rosemont Copper project in Arizona (Lupo, 2008). Historically, the largest operating site using the 
practice was La Coipa gold mine in Chile, which is is now in care and maintenance. One issue that may 
occur in the early years of a site using tailings filtration and dry stacking is underperformance of filtration 
equipment, either in achieving the specified moisture set point, or target throughput rate. Torex Gold 
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currently faces such an issue, with slower than expected ramp up of the tailings filtration circuit at El 
Limon-Guajes. Tailings filters were reportedly the plant bottleneck in 2016, due to below target 
mechanical availability. An eighth filter unit will be installed to release the bottleneck (Torex Gold, 2017).   

 
For sites using hydrometallurgical flowsheets, e.g. cyanide leaching, tailings filtration may have 

an added benefit of recovering and recycling some reagents back into the process. This can reduce new 
reagent consumption, and hence lowers operating costs. This can be offset against the higher dewatering 
capital and operating costs associated with tailings filtration. La Coipa is an example of a site where such 
reagent recovery is realized by tailings filtration. 

 
In certain underground mines, tailings are used for backfill to fill mined out voids and provide 

support. This is usually in the form of paste backfill, where dewatered tailings are mixed with binders such 
as Portland cement and flyash to achieve the required strength characteristics. Paste thickening and 
filtration of tailings are usually incorporated into such paste backfill circuits to achieve the required 
rheology. Greens Creek incorporates both paste backfill and dry stack tailings. The result of paste backfill 
is a reduction in the quantity of tailings that need to be disposed on surface. 

 
Expanded use of paste thickening and tailings filtration offers opportunities to reduce water 

consumption and reduce footprint of TSFs. 
 

Cyclone sands separation for embankment construction 
 

In Chile, SW USA and Western Canada, it is common practice to extract a sands fraction from 
tailings for embankment construction. Sands need to meet particle size distribution specifications to ensure 
proper drainage and deposition for embankment requirements. In BC, double cycloning may be used to 
ensure low fines content in sands. Sand quality is particularly important in seismically active regions. 
 

Sites that recover cyclone sands need to consider the interaction with tailings dewatering and 
transportation. The coarse sands fraction is dewatered by the separation action of the hydrocyclone. 
Cyclones operate best with moderate feed density (e.g. < 45% solids) so if tailings must be cyclones, it is 
not practical to thicken to high density (e.g. >60% solids). It may be possible to collect cyclone overflow 
from a cyclone sand plant and direct it to thickening, however, this is not common practice and may have 
operability challenges. At some sites, a reasonable compromise may be to use conventional thickeners and 
feed slightly thickened tailings (e.g. 45 – 50% solids) to the sand plant. Higher % solids targets could be 
used during periods where whole tailings are deposited into the TSF. Robust cyclone sizes, brands and 
components (spigots and vortex finders) should be selected to achieve satisfactory sands separation under a 
range of cyclone feed densities and flows. The siting of dewatering equipment, pumps, cyclones and piping 
is also critical to ensure that the appropriate pressures and flows can be maintained for stable operation. 
 

 
ALTERNATIVES TO ADDRESS DECLINING HEAD GRADES 

 
As ore grades continue to decline, alternatives are needed to mitigate the increasing pressure on 

environmental impacts and costs. Broadly, the alternatives to address these trends are: 
• Search for and find higher grade deposits 
• Pre-concentration to reject gangue material prior to grinding 
• Reduced energy consumption in comminution 
• Process developments to allow effective use of heap, dump and in-situ leach processes for 

recovery, in place of milling processes  
 
Find and mine higher grade deposits 
 

Higher grade deposits may exist, both beneath existing bulk, low grade deposits, and in regions 
previously not exploited. Such deposits may be deep and difficult to access, and may only be viable to 
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mine by underground methods. The environmental and financial risks of increasing footprint and declining 
revenue from conventional low grade deposits may warrant the shift to more complex underground mining 
projects. Underground mining can greatly reduce the quantities of waste rock generated, reducing 
disturbance footprint, compared with open pit. Often underground mining methods are more selective than 
open pit methods, and result in a higher cut-off grade. This in turn would reduce the quantity of tailings 
produced, and energy and water consumed. Successfully finding and mining higher grade deposits would 
require renewed focus on advanced exploration methods and underground mining design. 
 
Segregation and pre-concentration 
 

Segregation and pre-concentration are methods of rejecting low grade material or gangue particles 
prior to grinding, and thereby increasing head grade to a processing plant. Their success relies on 
heterogeneity in deposits. Methods either rely on:  

• Spatial heterogeneity, where batches of material are identified and directed to appropriate 
processing or disposal locations based on measured or inferred properties 

• Heterogeneous particle distributions, whereby individual particles are directed to different 
destinations in response to a separation process 

 
Benefits from incorporating pre-concentration include lower energy and reagent costs, less 

tailings generated and less water consumed. Table 3 shows alternative segregation and pre-concentration 
methods. For those methods relying on spatial heterogeneity, mixing is not desired, as it eliminates the 
means to achieve any separation (Duffy, 2015). Testing is required for those relying on differences in 
particle properties to ensure that the desired separation can be achieved. 
 
Table 3. Segregation and pre-concentration methods 
Method Description Example Success relies on 

Selective 
mining 

Despatch mined ore, waste and marginal 
material to alternative locations based on 
spatial attributes of batch 

Low grade ore stockpiling 
in a copper open pit.  

Spatial 
heterogeneity Bulk sorting Direct parcels of mined material on 

conveyor belts to ore, waste or marginal 
locations based on measured or inferred 
attributes 

Reversible conveyor with a 
radiometric detector to 
separate non-radioactive 
waste from radioactive ore. 

Screening Separate gangue on basis of size, where 
particles selectively deport into coarse or 
fine size fractions. 

Screening of nickel laterite 
ores to remove coarser 
siliceous gangue material. 

Ability to 
achieve effective 
separation by 
exploiting 
variations in 
particle 
properties 

Dense 
medium 
separation 

Separate particles on basis of specific 
gravity in a dense medium suspension at 
a nominated density cut point. 

Dense medium plants in 
lead-zinc concentrators, 
low-grade stream rejected. 

Magnetic 
separation 

Separate particles on basis of magnetic 
susceptibility 

Cobbing magnetite 
particles from feed to a 
copper concentrator. 

Gravity 
separation 

Separate particles on basis of specific 
gravity. 

Jigs in coal separation 
plants. 

Sensor-
based 
particle 
sorting 

Particles presented to sensors that 
identify characteristics and direct them to 
appropriate bin category for processing 
or disposal. 

Air actuated ore sorter for 
separation of shale from 
limestone. 
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Selective mining and bulk sorting 
 

The selectivity achieved in mining is typically related to the mining method and selection of 
mining machinery. If mining engineers design with a mindset of bulk and cheap mining methods using 
large equipment, it is likely that head grades will be lowered by a certain amount of dilution deemed 
acceptable. The premise of this design philosophy is that the mill too can be designed for bulk and cheap 
processing, and that dilution will cause minimal impact on overall performance. Bertinshaw and Lipton 
(2007) describes the tension that can occur between ore loss (sending economic ore to waste dump) vs. 
dilution (sending waste to mill), particularly near geological boundaries. Greater selectivity can be 
achieved by reducing the size of the mining equipment or changing the orientation of mining. 
 

In underground mining, stope design dictates a certain amount of design dilution as the mining 
engineer attempts to follow the shape of the grade contours in the deposit. Unplanned dilution can occur if 
there is insufficient control of blasting leading to overbreak of waste material from the hanging wall. 
Revey (1998) explains the multiple costs that can come from overbreak, including the haulage and 
processing of uneconomic material. In some cases, hanging wall overbreak may also contain gangue 
minerals (e.g. talc, carbonaceous gangue) that are deleterious for metallurgical processing. Dilution can be 
controlled through careful blasting practices and grade control practices. Future autonomous mining may 
allow a reduction in mining widths, and improved grade control methods. These might increase the 
selectivity and viability of underground mining. 
 

Duffy et al (2015) describes the bulk ore sorting concept as separating large volumes of barren 
gangue from loaded conveyor belts based on measured or inferred grade. The sensor could then direct the 
gangue to waste, increasing the overall ore grade sent to the mill. To be successful, the bulk sorting 
requires: 

• Detectors with ability to penetrate and measure bulk properties of the ore, e.g. magnetic 
resonance (MR) or prompt-gamma neutron activation analysis (PGNAA) 

• Sufficient speed in sensor detection to inform an actuation action, e.g. divert a section of belt 
to the waste pile 

• Retention of heterogeneity by avoiding mixing of lower grade and higher grade material 
Design of the system must consider the location of the bulk sorting machine in relation to mining, 

rock breakage (e.g. crushing) and materials handling systems. 
 
Bulk sorting has not yet been applied at a commercial scale. If it can be successfully implemented, 

bulk sorting may provide an alternative to selective mining as it may provide an alternative method of 
avoiding dilution entering the ore stream. 

 
Shovel based sensor sorting might be considered a combination of bulk sorting and selective 

mining, as the sensing instrument would potentially guide the system operator as to the most economically 
viable and environmentally acceptable destination for each shovel bucket (MineSense, 2014). 

 
Dense medium separation 
 

Dense medium separation is a proven preconcentration method that uses a suspension of fine 
dense particles (e.g. magnetite or ferrosilicon) to create a non-Newtonian fluid of a specified density. In 
metal ore processing, the target density is generally selected to allow separation of low density reject 
particles from higher density metal bearing ones. Dense medium cyclones are commonly used as the 
separating devices (Wills and Finch, 2016). Table 4 shows an example dense medium separation in a lead-
zinc concentrator.  In this case, the reject material was sufficiently low grade that it could be discarded as 
recovered and realizable metal value was below the incremental cost of further processing. Another key 
benefit was that the dense medium cyclones rejected harder fractions of the run of mine ore. The resulting 
work index of the preconcentrate was therefore 15% lower than the run-of-mine ore (Munro, 1993). This 
helped debottleneck metal production in the downstream concentrator. 
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Table 4. Historical separation performance of the Heavy Medium Plant at Mount Isa Mines. Munro (1993) 
Stream Grade Recovery Mass split 

Ag g/t Pb % Zn % Ag Pb Zn 

Heavy medium plant feed 155 5.8% 6.6% 100% 100% 100% 100% 

Rejects 29 0.9% 0.8% 6.0% 5.0% 4.0% 32.5% 

Pre-concentrate + slimes 216 8.1% 9.4% 94.0% 95.0% 96.0% 67.5% 
 

In general, dense medium separation requires run-of-mine ore to be crushed to less than 20 mm 
diameter to liberate the waste particles sufficiently for an effective separation. This usually means that 
dense medium plants are only compatible with process circuits that incorporate secondary, and in some 
cases, tertiary crushing. Dense medium separation is therefore not generally compatible with SAG mill 
grinding circuits. The decision to incorporate dense medium separation into the process flowsheet needs to 
be evaluated in conjunction with comminution flowsheet design and equipment sizing. This requires a 
trade-off study that evaluates the recovery and revenue vs. the capital and operating costs for flowsheets 
with and without dense medium separation. The assessment should also include operability and risk. 

 
Napier-Munn et al (2009) described plant trials at the Mount Isa Heavy Medium Plant using 

larger, 800 mm diameter, dense medium cyclones operated at lower pressures than traditional 400 mm 
diameter cyclones. Trials indicated no loss of metallurgical performance, while lowering operating costs, 
and improving wear life. This outcome enhances possibilities for economically including dense medium 
separation circuits into process flowsheets. 
 
Sensor-based particle sorting 
 
Run-of-mine ores can be sorted particle-by-particle using sensor-based ore sorting machines. Detectors are 
used to identify the characteristics of particles, and air jets or mechanical levers are used to deflect particles 
to nominated chutes for transport to downstream processing or waste stockpiles. A wide range of detectors 
are now available, including X-ray transmission (XRT), X-ray fluorescence (XRF), colour, infrared, 
electromagnetic, and laser induced breakdown spectroscopy (LIBS), and combinations of sensors can be 
used to improve discrimination of valuable and waste particles (Hilscher et al, 2017). Typically, the ore 
stream is processed through secondary crushing and screening. Sorting machines may separate particles 
from 120 – 8 cm diameter (Rohleder et al, 2017). The effectiveness of separation depends on the level of 
gangue liberation, which increases at finer sizes. This must be weighed against the decrease in sorting rate 
that comes with finer sizes (Wills and Finch, 2016). Testing of ore characteristics is necessary to predict 
the potential separation from an ore sorting stage, and the economic trade-offs associated with metal losses 
in the reject stream, and cost reductions in downstream processing. 

 
Sensor-based particle sorting can help decouple mining dilution from the feed grade to the mill. 

This gives the mining engineer more freedom to choose a mining method that minimized ore loss, while 
the mill is still protected from dilution. 
 
Reduced energy consumption in comminution 
 

Comminution energy requirements are driven by two main parameters: 
• The hardness and breakage properties of the ore that define energy consumption to achieve a 

certain reduction in particle size, generally defined by a work index (Wi, kWh/t) 
• The product size of the comminution process required to achieve a satisfactory separation, 

defined by the mineralogical properties of an ore and how it breaks 
 
In addition to preconcentration, three paths to reduce energy consumption in comminution are: 
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• More efficient breakage machines and equipment circuit configurations 
• More efficient operation of existing circuits through operating parameters and media 

selection 
• Coarser particle grinding and separation 

 
These paths involve different economic and sustainability trade-offs, including capital and 

operating cost, metallurgy, operability and maintainability. Each must be assessed on a case by case basis, 
depending on ore type and project location. While more efficient machines and circuit operation relate 
primarily to energy efficiency, coarser particle grinding and separation can interface with water 
management, as coarser tailings are cheaper and easier to dewater than finer ones. The economic case for 
reducing energy consumption in processing is highest where electricity costs are high. A combination of 
high electricity prices and hard ores warrants significant attention to reduce comminution costs. 
 
More efficient breakage machines and circuits 

 
Different breakage equipment can have a different underlying breakage efficiency. For example, it 

generally takes less energy to achieve a certain level of size reduction using cone crushers than SAG 
milling. However, SAG mill circuits can be simpler to install, cheaper to maintain, and have less building 
footprint than crusher circuits. For harder ore types, it may be more economic to replace a SAG mill with a 
high-pressure grinding rolls (HPGR) circuit, such as that used at Boddington Gold Mine in Australia. This 
is due to the increased energy efficiency of such a circuit. It is however, important to consider all electrical 
loads in such an assessment, such as the large conveyor loads associated with an HPGR circuit. 

 
More efficient operation of existing circuits 

 
In many comminution circuits, more efficient operation of classification equipment (i.e. 

hydrocyclones) can significantly reduce grinding energy needed to achieve target grind size. Controlling 
cyclone feed density and pressure, correctly specifying vortex finder and spigot components, and managing 
cyclone wear are key factors to ensure good classification. In some cases, classification screens can replace 
hydrocylones, resulting in lower operating work index (i.e. the kWh/t consumed by the circuit) and sharper 
product size distribution for the same 80% passing size (p80) product size (Dündar, 2014). It may also be 
possible to sort or discard scats from SAG milling, as these often contain harder, lower grade particles with 
marginal processing value. 
 
Coarser particle grinding and separation 

 
Energy consumption in grinding circuits can be reduced by increasing grind size. This invariably 

results in an operating cost vs. metallurgical performance trade-off as coarser particles tend to be more 
difficult to recover or extract by flotation and leaching processes respectively. In flotation, coarse particle 
losses may occur due to lower liberation of valuable from gangue minerals, and a decreased stability of 
attachment of particles to air bubbles (Wills and Finch, 2016). Recent developments in flotation cell 
technology may alleviate some of the recovery problems caused by low attachment stability. Murphy et al 
(2014) explains developments in large flotation cell design by Outotec, which has included speed control. 
Slower speeds are believed to reduce the risk of coarse particle detachment, while also reducing energy 
consumption by the cell. Other design features, such as tail box and dart level controllers, have considered 
practical requirements of processing coarse slurry streams. Another flotation cell manufacturer, Eriez, has 
developed a flotation cell technology, HydroFloatTM that demonstrated significantly increased coarse 
particle recovery from a chalcopyrite (copper) ore at a laboratory scale (Mehrfert, 2017). 

 
The combination of coarser grind sizes combined with separation machines that have the 

robustness to operate at coarse sizes while maintaining acceptable recoveries could lower the specific 
energy requirements per tonne of ore. This can help negate the effect of falling head grades to maintain the 
escalation in specific energy per tonne of metal produced that would otherwise take place. 
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Use of heap and dump leach processing 
 
Certain copper and gold ores may be processed using heap or dump leaching, if they have suitable 

leaching and permeability characteristics. Oxide and secondary copper ores respond well to such treatment. 
However, such leaching of chalcopyrite ores typically achieves only low rates of extraction due to slow 
leach kinetics, and therefore currently has limited economic applications (Schlesinger et al, 2011). 

 
Comparison of water consumption for concentrating vs. leaching 

 
Cochilco (2016) reported water consumption statistics for copper ores in Chile processed through 

concentrators compared with leach, solvent extraction electrowinning (SXEW) circuits. Based on water 
flowrate, specific water use per unit ore and contained copper metal production, water consumption per 
unit copper production for either process route can be inferred (Table 4).  

 
Table 4. Water consumption by process method for Chilean copper production, (Cochilco, 2016) 

Type of process Head grade Cu recovery Water consumption 

% Cu % m3/t ore m3/t Cu produced 

Concentrator (sulfide) 0.85% 84% 0.52 73 

Leach SXEW (oxide, supergene) 0.41% 55% 0.08 35 

Total 0.59% 72% 0.26 61 
 
Water consumption per tonne of ore is dramatically lower for heap and dump leaching operations, 

as these avoid the production of ground tailings, which result in the main water losses in milling circuits. 
On a copper metal basis, the lower water m3/t ore is partially offset by lower head grades and lower 
recoveries for leaching. The net result is that water consumption per tonne of copper produced by leaching 
is a little less than half of the quantity for concentrator processing.  

 
Reduction in energy consumption using heap and dump leaching 

 
The energy consumption for heap and dump leaching per tonne of ore is lower than for milling 

due to the elimination of power consumption from grinding and leaching or flotation process equipment. 
The overall energy consumption per unit metal can be calculated from the energy per tonne of ore for ore 
crushing, haulage and stacking divided by the metal production based on head grade and overall metal 
recovery.  

 
Suitability of ore types to heap and dump leaching vs. milling 

 
With future research and development, it may be possible to apply heap or dump leaching to 

chalcopyrite copper ores and a wider range of gold ores, with resulting savings in energy and water 
consumption. However, the metallurgical performance and hence economics of this process alternative 
would need to be evaluated for each deposit. 

 
 

INTEGRATED MINING AND PROCESSING SYSTEMS FOR ECO-EFFICIENCY 
 
The components of eco-efficient processing can be combined and integrated with mining, waste 

and water management practices to reduce environmental impacts of mining. The results are lower water 
and energy consumption, and lower waste footprint. In addition, an integrated approach may reduce 
tailings risks. Potential systems to incorporate sorting and integrated underground mining systems are also 
discussed. 
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Reducing tailings risks 
 
Tailings risks can be reduced by reducing the scale of the facility (i.e. generating less tonnes of 

tailings to dispose), or by choosing methods of embankment construction, tailings dewatering or deposition 
that reduce the likelihood and consequence of failure. In general, higher water content increases 
consequences in the event of a failure as it increases the potential energy, size of release and distance of 
travel of tailings. Table 5 shows options that can reduce TSF failure risks. While some relate specifically to 
the embankment design, many interact with mining and processing design. For example, backfill, pre-
concentration and increased dewatering require examination of mining method, processing flowsheet and 
dewatering equipment respectively. Such options cannot be effectively assessed without considering the 
system interactions between mining, processing and waste disposal. 

 
Many mining engineering studies seem to lack integrated systems thinking. Usually, the mining 

method is first set by the mining engineers using indicative cut-off grade parameters. Next, a conventional 
metallurgical flowsheet is selected. Main process design criteria are set to maximize recovery, based on 
test work. Tailings are considered slave to the mining and process design, and generally environmental 
professionals have limited or no influence in the major mining and processing decisions. Conventional 
mining, processing and waste management selection can lead to sub-optimal outcomes that result in failed 
stage gates in engineering studies or regulatory review. An example from 2007 was Galore Creek copper-
gold project in Northern BC. Mining method, process plant capacity, optimal grind size, method of tailings 
dewatering and TSF location interact, therefore more favourable economics and lower risk outcomes may 
be achieved by adopting a systems approach that considers a combination of eco-efficient components.  
 
Potential for bulk sorting to direct low grade ores to dump leaching 

 
For gold processing, it may be more eco-efficient to direct some ores to dump leaching rather than 

agitation leaching, due to lower water and energy consumption. This must be considered against the 
metallurgical performance of heap and dump leaching vs. milling for each ore type. To maximize overall 
returns, it may be desirable to split out higher grade ore to the milling circuit, where metallurgical 
recoveries will be higher. Such hybrid circuits are currently used in certain gold operations globally based 
on mining block models. These may be further optimized by using bulk sorting to more precisely direct 
different batches of ore to the respective leach and milling circuits (Duffy et al, 2015). This might be useful 
when mining material in an open pit near geological boundaries, where there is a higher probability of ore 
dilution. Directing partly diluted ore using bulk sorting to a dump leach rather than the mill may achieve a 
more economic outcome while also reducing water and energy consumption and tailings production. 

 
Integrated underground system design 

 
A conceptual example of an integrated underground mining and surface processing system is 

shown in Figure 4. This describes an underground mine with ore sorting, tailings segregation, paste backfill 
and tailings dewatering for water recovery and reuse.  

 
The result of such an integrated flowsheet would have multiple economic and environmental 

benefits, including: 
• Underground mining generates minimal waste rock that would otherwise be dumped on 

surface 
• Underground preconcentration reduces costs for ore haulage to surface and reduces quantities 

of tailings produced 
• Separation and segregation of sulfide tailings reduces ARD risks 
• Paste backfill significantly reduces size of surface TSF, reducing risk; in addition, paste 

backfill provides support in the mine, allowing more mining of remnant pillars, increasing 
mining reserves 

• Tailings dewatering and reclaim increases water recycling and reduces make-up water 
requirements 
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Table 5. Alternatives to reduce tailings containment failure risks 
Category Option Opportunities Obstacles 

Generate 
less tonnes 
of tailings 
for surface 
disposal 

Selective 
mining 

Leads to higher mill head grade 
and lower processing costs 

May reduce reserves and mine 
life 

Pre-
concentration 

Rejecting a fraction of liberated 
gangue in mill feed will reduce 
milling costs. If mill is bottleneck, 
can provide relief and increase 
metal production. 

May have substantial metal 
losses. Some ores may not be 
amenable, and performance of 
pre-concentration circuit may 
vary. 

Flowsheets 
incorporating 
heap and dump 
leach 

Can segregate lower grade ore 
and direct to heap leach operation. 
Lower grade ore matched with 
lower process opex. 

Ore may not be amenable to 
heap leach. May be difficult to 
practically segregate ore and 
optimize economics. 

Backfill Paste backfill can improve 
underground mine safety and 
enhance pillar recovery, 
increasing mining reserves and 
mine life. 

Cost. Some materials may not 
have suitable properties.  Not all 
tailings can be backfilled due to 
expansion/swell factor.  

 Beneficial reuse 
of fraction of 
tailings 

May be additional source of 
revenue, and reduce disposal 
costs. 

Quality specifications for 
transport and customer delivery 
may be costly to overcome (e.g. 
impurities, size distribution). 

Manage 
embankment 
design, 
dewatering 
and 
deposition 

Change TSF 
siting (e.g. 
lower line of 
fire risks) 

Improved stakeholder acceptance 
of project. 

Siting locations may be 
restricted by topography and 
land ownership position. 
Tailings and reclaim water 
transport costs may increase. 

Improve 
drainage 

Enhanced water recovery. May be limitations in 
effectiveness. 

Increase tailings 
dewatering, i.e. 
paste thicken or 
dry stack 

Significantly reduces volume of 
TSF, and increases water 
recycling. 

Increased dewatering costs. 
Some materials are difficult to 
dewater to high solids content 
(e.g. clays, fines). 

Coarsen particle 
size in tailings 

Coarse tailings are cheaper and 
easier to dewater. Reduces 
comminution costs. 

May reduce metal recovery due 
to losses in coarse particle 
fractions. 

Add binders to 
tailings 

Improved stability. Costs of binder purchase and 
addition. 

Co-dispose 
tailings and 
waste rock 

May reduce overall footprint of 
waste facility. 

May be difficult to get tailings 
and waste rock in required ratios 
when needed. 

Better segregate 
sands and 
slimes 

May improve embankment and 
beach formation and improve 
control of tailings deposition. 

Attention to detail needed by 
operations personnel. 

Safer 
construction 
method, e.g. 
centreline or 
downstream 

Potential to incorporate waste 
rock into embankment. 

Increased costs, insufficient 
embankment building materials 
when needed, reduced capacity 
of TSF. 

Reduce water 
storage in TSF 

Lower water in TSF may also 
reduce volumes for potential 
water treatment. 

May be limited by geography 
and topography. 
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Figure 4. Integrated mining, processing, tailings disposal and water recycling system concept for an 
underground base metals mine 
 

It may also be possible to add another tailings processing step for beneficial reuse. While it is 
likely that operating costs per tonne of ore would be higher in this scenario than for conventional open pit 
mining, ore value would also be much increased due to higher grade from selective mining methods and 
preconcentration. Overall disturbance footprint area would be much lower too. Klein at al (2003) explored 
concepts of integrated underground mining and processing that incorporated sorting and separation, and 
simulated the possible stoping and backfilling sequences that could support a viable mine plan.  

 
Particle sorting combined with new mining method to increase mining reserve and metal production 

 
Building off the concept of underground mining and preconcentration, it may be possible to 

decouple mining method, cut-off grade, dilution and processing through the incorporation of sensor-based 
particle sorting. Hilscher et al (2017) describes a case study of a silver mine with good separability 
characteristics for sorting. These separation characteristics have been applied to a hypothetical study that 
considers alternative mining methods, potential processing rate and the inclusion of sorting.  

 
The base case has the following parameters: 
• Expensive, selective underground narrow vein mining method 
• Silver ore with head grade 10 oz/t Ag 
• Mining rate and milling rate balanced at 800,000 t/y 
• 90% Ag recovery in mill 
• Mining cost of $120/t and milling cost of $30/t 
 
The assessment must consider a switch to an alternative bulk underground mining method that 

would drop unit cost per tonne of ore, reduce cut-off grade and increase Ag in mining reserve. The 
assumed parameters of the bulk mining method change are: 

• 1,600,000 t/y mined at 7 oz/t Ag 
• Mining cost (after capital purchase of some new mining equipment) drops to $70/t 

 
Three cases are considered in the evaluation: 
1. Base case  
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2. Bulk underground mining, expanded mining rate and milling rate expanded to match mine 
3. Bulk underground mining, ore sorting and base case milling rate 
 
Sorting test work indicated that the ore gives a potential for a 50% reject rate with 94.1% Ag 

recovery to the preconcentrate. It is assumed that this separation characteristic can be applied to the ore 
produced from bulk mining. It is assumed that Ag recovery is unchanged in the three cases. The mining, 
milling and recovery parameters are summarized in Table 6. 

 
Table 6. Mining, milling and recovery parameters for sorting case study 

Case Mining 
rate Grade Reject 

rate 
Milling 

rate 
Ag in 
feed 

Mill Ag 
recovery 

Ag in 
product 

kt/y Ag oz/t % kt/y Moz/y % Moz/y 

Base case – selective 
mining 800 10 0% 800 8.0 90% 7.2 

Bulk mining, 
expanded mill 1,600 7 0% 1,600 11.2 90% 10.1 

Bulk mining, sorting 1,600 7 50% 800 10.5 90% 9.5 
 
Due to economies of scale, it is assumed that milling costs in the expanded mill case drop to $25/t, 

after capital expenditure for mill expansion. In the sorting case, it is assumed that milling costs increase by 
$3/t to account for the sorting operating cost.  A silver price of $17/oz is assumed. Revenue and costs are 
then estimated, excluding other general costs and capital expenditures, see Table 7. 

 
Table 7. Revenue, costs and cash flow for sorting case study 

Case Ag 
revenue Mining cost Milling cost Total 

cost Cash flow 

M$/y $/t M$/y $/t M$/y M$/y M$/y 

Base case – selective 
mining 122 120 96 30 24.0 120 2 

Bulk mining, 
expanded mill 171 70 112 25 40.0 152 19 

Bulk mining, sorting 161 70 112 33 26.4 138 23 
 
The result is that bulk mining and an expanded mill increases cash compared to base case because 

revenue increases further than costs. However, the case with sorting produces even higher cash flow, and 
avoids the need for capital for a doubling of mill capacity. This is an economically favourable outcome. In 
addition, the higher silver production for the bulk mining case comes with negligible increase in tailings 
production, energy consumption and water consumption. Therefore, all environmental metrics per oz of Ag 
produced improve. This demonstrates a case of eco-efficiency through systems design.  

 
 

CONCLUSIONS 
 
The mining industry faces challenges with declining ore grades that could result in deteriorating 

cost and environmental performance. Mines can achieve greater eco-efficiency by using an integrated 
approach to mining, processing, materials handling, and water and waste management. There are a variety 
of process flowsheet options available to arrest the fall in head grades, including preconcentration, 
selection of more energy efficient comminution and processing equipment, and coarser particle processing. 
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Water consumption and tailings risks can be reduced through a combination of increased tailings 
dewatering, preconcentration and a shift towards wider practice of heap and dump leaching. In some cases, 
however, leaching will require technical breakthroughs to expand its applicability. 

 
A shift to underground mining can help dramatically reduce waste footprint through the 

elimination of waste rock dumps and incorporation of paste backfill of tailings underground. Segregation 
and underground placement of sulfide tailings material can reduce risks from ARD. 

 
A shift to integrated and eco-efficient mining and processing design will need a collaborative 

approach across disciplines and a willingness to understand technical, economic and environmental trade-
offs across the operational systems. As head grades continue to fall, water constraints rise, and awareness 
and concern of tailings failures grow, the case for integrated eco-efficient design only gets stronger. 
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