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Abstract. As the earth’s population grows, the pressure 
on natural resources becomes acute. Mining, once a 
foundation of human society is now often perceived 
negatively, despite the true but worn adage “if it cannot 
be grown, it has to be mined”. ‘Sustainable mining” now 
proliferates as a buzz-word, often incorrectly applied. Yet 
by its very nature, mining is rarely ‘sustainable’ but rather 
a finite process, the consumption of a resource. Despite 
this, aspects of mining can prove to be sustainable for 
example the exploitation of renewable minerals such as 
guano or evaporite salts. But sustainability is so much 
more than renewable materials. It incorporates a change 
in the philosophy and practices in mineral exploration and 
exploitation, it requires better education of generations to 
develop sustainable skills in society to continue mining 
and it seeks to minimize environmental and social 
disturbance whilst maximizing resource recovery. 
Another area where a sustainable philosophy is important 
is with closure of mines, aftercare of mining-dependent 
societies and potentially reuse of abandoned mines. 
Sustainability can cover a lot more in terms of 
development of alternative resources, appropriate 
development of infrastructure, improvement in land use, 
enrichment of society and in the preservation or 
restoration of the environment. 
 
1 Introduction 
 
“Humanity has the ability to make development 
sustainable- to ensure that it meets the needs of the 
present without compromising the ability of future 
generations to meet their own needs” (Brundtland, 1981). 

Mining for metals has been a foundation of human 
society from pre-recorded history, with the winning of 
copper and gold from streams and oxidized ore deposits 
(Calas 2017). By its very nature, mineral deposits are 
rarely ‘sustainable’ as defined by Bruntland and the 
consumption is often seen as a limit to development 
(Meadows et al. 1972; Richards 2002; Kirsch 2010). Yet 
sustainability as a whole can be applied from exploration 
through to mine reclamation and after care.  

The activity of mining consumes a resource as the 
development progresses (Kirsch, 2010). At some point a 
given mineral deposit will be physically or, more 
commonly, economically exhausted. Other than marine 
evaporates, guano phosphate and some soda ash 
deposits, mineral deposits are not renewed on a human 
time scale of sustainability (Bowell 2017).  

Sustainable mining as a philosophy can be applied to 
greenfields exploration (Grennan Clifford 2017), active 
operations (Erkayaoğlu and Demirel 2016; Gorman and 
Dzombak 2018), closure and reclamation (Espinoza and 
Morris 2017). Additional aspects include the re-
assessment of old mining districts or sensitive 
development of a mining project to minimize or avert 
environment or community pressures (Espinoza and 
Rojo, 2017). Despite often long and active periods of 
mining, most mines do not close because of the 
exhaustion of all resource but rather because the 
resource that is left costs more to extract at prevailing 
metal prices than will be realized in revenue. As many 
resources reach this maturity or are abandoned, potential 
negative environmental impacts can and do occur. 
Historic writers from Pliny to Georgio Argricola and 
Hoover have commented on the waste associated with 
mines (Hoover and Hoover 1912), and the associated 
impacts to soil, vegetation and water.  Therefore, another 
aspect of ‘sustainable mining’ is consideration of potential 
environmental impacts and the need to minimize or 
mitigate in operations and on closure (Aznar-Sánchez et 
al. 2019). 
 
2 Renewable mineral resources 
 
Although most mineral resources cannot be considered 
renewable on the scale of human life there are some that 
do get replenished on such a time scale. These deposits 
include those formed by; volcanic processes; 
evaporation; and biological processes. 

Volcanic -related renewable minerals are many. 
Examples include geothermal associated deposits such 
as deep sea vents hosting base metal sulfides (e.g., the 
East Pacific Rise), sulfur or metal bearing fumarole 
deposits at surface, such as those in the Kuril Islands, 
geothermal precipitates and brines and groundwater 
enriched by brines (Singer 2014; Khomich et al. 2019). 
Other resources include soda ash and some potash 
deposits associated with circulating fluids in rift valleys, 
such as in the East African Ridge (Kun, 1965). Deep sea 
floor manganese-cobalt nodules are another possible 
renewable resource (Hein and Koschinsky 2014).  

Marine evaporite salts are utilized globally for rock salt, 
iodide, bromide and occasionally in the production of 
potash. However, they also contain potential resources of 
boron and lithium. (Kun, 1965). Biological deposits that 
are renewable include the phosphate-rich guano deposits 
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(Van Kauwenbergh 1991). 
One aspect not often listed as a renewable mineral 

resource is of course, water. In many mining areas, 
particularly arid areas, this precious resource can be a 
long-term sustainable source for urban water 
requirements and agriculture. It can be considered a 
renewable resource, such as in NW Spain, where flooded 
coal mines provide potential water resources for 
agriculture (Álvarez et al. 2018) and in Australia, where 
gold mine pit lakes provide drinking water (Kumar et al. 
2009). 
  
3 Improved efficiencies in mining 
 
The discovery of high-grade mineral deposits is 
becoming rare and the development of deeper, lower 
grade and often metallurgically challenging ores, is 
becoming more common (Gorman and Dzombak 2018). 

Figure 1 graphically depicts the mine life cycle and 
shows important cost items, both profit and loss, 
associated with a mining project over the life of a mine. 
As observed cost items are numerous and considerable 
cost and time outlay be required in order to provide 
engineering and operating plans that meet regulatory and 
public approval prior to any revenue generation. Decades 
of work may be required between exploration discovery 
and first production. 

Mineral Exploration is the first step in the cycle. In an 
exhaustive study on the pillars of society development a 
report commissioned by the ‘club of Rome’ (Meadows et 
al. 1972) defined the “depletion of non-renewable 
resources” as a major concern that could limit societies 
advancement and lead to conflict. 
 

 
Figure 1. Revenue consumption and generation in the Mine Life 
Cycle (revenue in black; costs in red). 
 

Fundamental to ensuring a slowdown in this depletion 
and shortage is the renewal of resources through mineral 
exploration and discovery (Grennan and Clifford, 2017). 
Despite this, exploration spending is limited generally to 
a few commodities (Figure 2). 
 

 
Figure 2. Summary of Exploration spending in 2018 (from S&P 
2019). 
 

More than half of exploration focus in 2018 was on 
gold.  Yet zinc, along with speciality or critical metals, 
receive less than 20% of all exploration funding. This is 
even though these metals are all in depletion with less 
than a decade of known resource left (Laznicka 2010).   

Sustainability plays a crucial role throughout the 
development of a mineral resource and need not be at 
the expense of shareholder return (Richards 2002). 
Rather, it is proposed to be a culture in which all 
stakeholders seek to minimize expenditure whilst 
maximising return in terms of financial reward, 
environmental compliance and positive community 
benefits (Gorman and Dzombak 2018). 

The longer-term availability of mineral resources 
means ensuring that they are not sterilised from use. 
Mineral safeguarding is given little consideration in 
comparison to environmental issues and has resulted in 
the needless sterilisation of mineral deposits. Sustainable 
mining also means ensuring that mineral deposits are 
available for use by future generations. It is therefore 
necessary to consider not reclaiming them or providing 
alternative land use simply because they do not meet 
current economic criteria (Espinoza and Rojo 2017). 

In terms of mining operations, a philosophy of 
sustainability to reduce unnecessary costs or impacts has 
been proposed to assess general mine operations 
(Laurence 2011), efficiency of open pit mining (Adibi and 
Atee-pour 2015), maximizing efficiency of explosives 
(Khademian and Bagherpour 2017), material handling 
(Erkayaoğlu and Demirel 2016) and water management 
and processing (de Villers 2017). 

In addition, sustainability can also be applied in the 
Mine Life Cycle to education and training of current and 
future generations (Richards 2002). Sadly, this function 
tends to follow market forces with little investment during 
periods of low metal prices leading to poor succession 
planning and challenges in maintaining long term 
financial stability in many mining communities (Kirsch 
2010).   

As identified in several studies, the key to sustainable 
mining is often the sustainable development of skills base 
and intellectual resources appropriate for development 
now and in the future (Meadows et al. 1972; Brundtland 
1981; Richards 2002; Grennan and Clifford 2017).  
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4 Advances in reclamation and restoration 
 
Nearly all mines permanently change the surface of the 
earth and affect the physical and social environment. 
Therefore, planning for closure needs to begin early in the 
mine life cycle (IFC, 2007). Good international industry 
practice and some national regulations now stipulate that 
environmental and social closure be considered from the 
outset of project planning (Parshley and MacCallum 
2016). 

Most jurisdictions and good practice require that mine 
closure plans include measures to ensure long-term 
physical and chemical stability and address socio-
economic considerations (ICMM 2019). In particular, 
closure of mine sites must address long-term public 
health and safety, and environmental protection as well 
as provide mitigation of social and economic impacts 
resulting from closure. During the last three decades the 
mining industry has developed technologies to address 
many of the technical issues associated with mine 
closure. 

Future advances in technical closure are likely to be 
incremental rather than transformative. However, the 
industry has only recently begun to grapple with the social 
context of mine closure (Parshley and MacCullum 2016). 
Early and continued stakeholder engagement can 
minimize the impacts through education and 
management of expectations. However, in some 
contexts, post-closure economic opportunities are likely 
to be limited, and the impacts of closure on employees 
and local communities can be profound.  

Even in developed nations stakeholder engagement 
regarding closure is essential to manage expectations 
and secure support for proposed closure actions. Some 
technical solutions such as perpetual care and water 
treatment are often seen as unattractive options that are 
rarely considered sustainable by any stakeholder (Kuyek 
2011). 

 
5 Mining legacy 
 
The environmental legacies of metal mining are often 
dominated by large waste facilities, which can be sources 
of acid and metalliferous drainage, resulting in both local 
pollution and irreversible loss of some of the soluble 
minerals (Nordstrom et al. 2017). Remining these areas 
can lead to improvements in reclamation for example the 
Stibnite project in Idaho (Quinn, 2019). 

In some cases, mines can be reused as aquiculture 
farms (Otchere et al. 2014) or even laboratories such as 
the SNOLAB in Sudbury, activity centres and zoos or 
botanical parks such as the Eden project (Pearman 
2009). But in many cases the only use is to return to 
wilderness. This latter use does not betray a sustainable 
philosophy but rather demonstrates that pragmatic 
consideration is needed on a case by case basis. 

 
 
 
 

6 Conclusions 
 
Mining is only undertaken if a net positive long-term 
contribution can be made to the company. A sustainable 
approach ensures that net positive benefits to human and 
ecosystems are not contrary to this, but are sympathetic. 
Incorporating environmental, social and cultural issues 
can generate challenges in mine evaluation, but such an 
approach delivers lasting value to industry and society as 
a whole. 

The longer-term availability of mineral resources is 
also essential, ensuring that they are not sterilised from 
use but instead are available for use by future 
generations, even if they are not economic today.  

Sustainable mining is a philosophy that must be 
adopted by society as much as the mining industry.  To 
conclude, for mining to be sustainable, the rate of 
consumption must not exceed the capacity to locate and 
develop replacement resources, recycle spent materials 
or develop suitable substitutes. It must also include 
sustainable environmental and community management 
in which exploitation or development does not 
compromise the needs of future generations or 
sustainable occupation of the plant. Sustainable mining 
implies that industry will use resources efficiently and 
economically, and that the land in which these resources 
occur will be managed with care and not endanger the 
planet’s life support systems of air, water, soils and biota 
or the communities that rely on them. 
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Tools for foresight on land-use planning in mineral rich 
areas: a case from Northern Finland 
Mari Kivinen, Mira Markovaara-Koivisto, Pasi Eilu 
Geological Survey of Finland 
 
 
Abstract. Foresight on land-use planning is gaining more 
importance in mineral rich areas. We present two tools 
which add detail on mineral potential planning: Mapping 
tool for regional considerations and a tool to scan 
conflicting interests on mineral deposit scale. A case 
study for the implementation of the mapping tool is 
provided for Northern Finland. Understanding the risks 
related to conflicting interests on land-use deepens the 
understanding of the future supply potential of mineral 
raw materials. It also increases the capabilities for early 
mitigation of disputes and conflicts and enhances the 
quality of planning for sustainable development on local 
societies. 
 
1 Introduction 
 
Land-use planning in areas where mining is an important 
industry benefits of foresight combining the information 
on mineral deposits and information of the demands from 
other livelihoods as well as the local people.  

Foresight is essential as the raw material needs of the 
societies is diversifying and increasing, and major share 
of these resources need to be mined (Erdmann and 
Graedel 2011). At the same time the mineral deposits are 
getting more complex to mine and process, and occur in 
more difficult places in terms of environment and society. 
Valenta et al. (2019) argue, for example, that major 
proportion of deposits forming future copper supply 
involves environmental, governance and social risks. 
Understanding the risks related to conflicting demands on 
land-use in mineral rich areas deepens the understanding 
of the future supply potential of these raw materials. It 
also increases the capabilities for early mitigation of 
disputes and conflicts and enhances the quality of 
planning for sustainable development of local societies. 

In our research we develop tools for foresight in land-
use planning: A mapping tool to assess conflicting 
demands on land-use for mineral rich areas, and a 
scanning tool for conflicting interests related to individual 
mineral deposits. These tools could be used to support 
land-use planning as well as enhance social silencing on 
mineral exploration. 
 
2 Assessing conflicting interests on land-

use planning 
 
2.1 A mapping tool: Mine and mineral deposit 

potentials 
 
This planning tool reflects uncertainty and long time 
frames related to development of mineral deposits within 
context of other forms of land-use. It takes into account 

the entire cycle from initial mineral exploration to complex 
final stage planning prior opening a mine. It recognizes 
reported but not developed mineral deposits, and adopts 
time scaling and narrative descriptions of uncertainty.  

The methodology is initially described by Markovaara-
Koivisto et al. (2017) in which the authors assess the 
nickel mining potential for Sodankylä region in Northern 
Finland. They found that there are large areas under 
restricting land-use forms in Sodankylä, of which the most 
important are nature conservation and housing. 
Restricting areas also overlap with high-prospectivity 
areas and indicate potential land-use conflict locations in 
the future. Markovaara-Koivisto et al. conclude that time 
scaling and narrative probability of mining activities helps 
in adding medium to long term perspectives in land-use 
planning in mineral rich areas.  

In this paper the same methodology is adapted on a 
larger area in the Northern Finland which is described in 
the case study section. 
 
2.2 Mineral deposits: Conflict palette 
 
Technical, economic and environmental data available of 
an actual mine is usually scarce in the early stages of 
mineral exploration and mine planning. When the project 
proceeds, the amount and quality of information 
increases. However, the characteristics of the place in 
which the deposit is located and the general 
characteristics of the project itself can be assessed 
already in the early stages.  

Eerola (2017) argues that people tend to see a mine 
already in the mineral exploration phase. Although there 
would not be a lot of information available or a project 
would be very small and with minimum socio-
environmental impacts, the company benefits of 
preparing to handle with concerns stemming from other, 
even very different projects.  

The information available for the early stage projects 
is mostly descriptive but can be contextualised by 
comparing to larger datasets. By contextualising it´s 
possible to assess the presence of conflicts of interests 
related to a certain mineral deposit, and eventually a 
conflict potential. The aim is to define the most important 
elements that could propagate a conflict later on.  

The palette brings together descriptive information 
about the project and the place where it´s located, and 
considers the possible conflicts of interest stemming from 
these two. The focus is to provide first screening of issues 
potentially propagating disputes or conflicts later on 
during the mine planning process. The first aim is to 
support the planning of stakeholder dialogue and 
communications in companies working with early-stage 
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projects. The second aim is to bring socio-economic and 
environmental context in which mineral deposits are 
located more closely within the mineral deposit 
classification frameworks. This would benefit the 
comparisons of mineral deposits in terms of socio-
environmental and eventually economic risk already in 
the early stages of the projects. 

The examples of the conflict palette will be presented 
in the SGA 2019 conference on Glasgow, and published 
later by Kivinen and Giurco (manuscript). 
 
3 Mapping case study in Central Lapland 

Finland 
 
Jackson and Green (2015) ranked Finland as one of the 
top countries in the world for mining and exploration. 
While the Finnish Lapland can be largely regarded as 
under-explored it´s having a good potential for gold, 
copper, and nickel deposits (Maier et al. 2015). Several 
foreign mining companies has started operations in the 
country since 1995, and the local population has 
awakened to the environmental risks that come along, 
and the local municipalities to the competition in land-use. 

The case study described in this article is based on 
extensive mining-related datasets gathered at the 
Geological Survey of Finland (GTK) and research of the 
mineral prospectivity within Central Lapland. The 
datasets include the Mineral Deposit and Exploration 
Database (MdaE, http://gtkdata.gtk.fi/MDaE/), which 
contains spatial information of deposits, exploration and 
mining in Finland; the Fennoscandian Ore Deposit 
Database (Eilu et al. 2016), which contains numeric 
information of metallic mines, deposits and significant 
occurrences in Fennoscandia. The prospectivity 
assessment studies for the Central Lapland region 
include studies for magmatic nickel-copper (Nykänen et 
al. 2015), orogenic gold and iron oxide-copper-gold 
(IOCG) types of deposits (Nykänen and Ojala 2007, 
Nykänen et al. 2008a, 2008b). In addition to these data, 
we applied Mining Register Map Service maintained by 
TUKES (the Finnish mining permitting authority), which 
includes knowledge over all mining and exploration 
tenements in Finland (TUKES 2017). 

Figures 1 and 2 show an example of value-adding 
mine and mineral potential -mapping tool. Figure 1 shows 
an information about mineral tenements and known 
mineral deposits. This is a general information commonly 
available for land-use planning. In figure 2, time scaling 
and narrative probability is added as well as mineral 
prospectivity within exploration claim areas. Mineral 
deposits are classified according to how close they are to 
the actual mining stage: What is the narrative probability 
to reach the mining stage and how long this would take. 
The figure 2 shows the situation in 2017 when many of 
the reported mineral deposits were actually undeveloped 
(marked with x). In addition, figure 2 includes nature 
conservation areas of which several overlap with high 
prospectivity areas. This information helps to add 
temporal and spatial detail to mineral information. 

 
Figure 1. Case study area in Northern Finland with mining and 
exploration permits and known mineral deposits. Data sources: 
TUKES (2018) and GTK Mineral deposit and Exploration database 
(MdaE). 

 
Figure 2. Sophisticated deposit and mineral exploration information 
provided by Mine and mineral deposit potential -mapping tool. 
Increasing mineral prospectivity is shown within exploration permit 
areas with darker color tones: Red color is for iron oxide-copper-
gold, yellow is for orogenic gold and blue is for magmatic nickel-
copper. 
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Life cycle assessment of European copper mining: A case 
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David Sanjuan-Delmás 
Ghent University, Belgium 
 
Mats Lindblom 
Boliden Mineral AB, Sweden 
 
 
Abstract. The application of the life cycle assessment 
(LCA) methodology in the mining sector has the potential 
to evaluate the environmental sustainability of the primary 
production of metals. As part of a wider project on 
developing LCA models and methods for mining, life 
cycle inventory (LCI) data have been collected at two 
European copper-producing mine sites, Aitik (Sweden) 
and Cobre las Cruces (Spain). Results from Aitik, 
including their impact analysis, identify the use of diesel 
and explosives, the emission of sulfur dioxide, as well as 
nitrogen and other emissions in the upstream supply 
chain of explosives and electricity, as significant 
contributors to the environmental impact. These outputs 
have influence on the impact categories Climate Change, 
Photochemical Ozone Formation, Acidification, as well as 
Terrestrial and Marine Eutrophication. Due to the 
increasing incorporation of LCA into legislative demands 
on the mining sector, mining companies need to establish 
the necessary infrastructure and framework to be able to 
provide the required data in a fast, transparent and cost-
efficient manner. For this reason, some 
recommendations to improve communication and data 
management within the companies have been 
established from the experience gained within this 
project. 
 
1 Introduction 
 
Life cycle assessment (LCA) is a useful methodology to 
address environmental sustainability in the industry and 
is expected to be increasingly incorporated into the 
European legislation concerning industrial processes, 
including those in the mining and exploration sector. In 
addition, individual companies can highly benefit from the 
incorporation of life cycle research, through its potential 
to identify bottlenecks affecting the efficiency and 
environmental impact of industrial process chains.  

The application of LCA in the metal/mining sector is 
still incipient, since there are only a limited number of 
studies published in the literature. Moreover, there is a 
general lack of availability of life cycle inventory data, 
including the case of copper. There is a demand from the 
copper sector to verify the robustness of existing datasets 
                                                        
1 More information at http://suprim.eitrawmaterials.eu/ 

(e.g. in commercial databases). In addition, the average 
global copper production datasets generated by the 
Copper Alliance (www.copperalliance.org) are not yet 
implemented into the available databases. 

The focus of this life cycle impact assessment (LCIA) 
work is on the cradle-to-gate life cycle of copper, 
including the collection, analysis and interpretation of 
data from two active European mines: Aitik (Sweden) and 
Cobre las Cruces (Spain). The focus of this extended 
abstract is on the results of the Aitik case study. 

Results will have important implications for the 
identification (and mitigation) of environmental hotspots 
of European copper production. This represents a crucial 
step towards the development of a sustainability profile of 
primary European metals production. 
 
2 Background 
 
2.1 The SUPRIM project 
 
The project “Sustainable management of primary raw 
materials through a better approach in Life Cycle 
Sustainability Assessment” (SUPRIM)1 aims to develop 
solutions and provide services to better address 
sustainability assessments in the raw materials sector. 
The main objectives of the SUPRIM project are:  
• Development of a Life Cycle Impact Assessment 

(LCIA) method to address resource availability 
(‘depletion’) in sustainability assessment. 

• Development of Life Cycle Inventory (LCI) datasets 
through case studies in collaboration with the 
industrial partners from the mining sector. 

• Bringing the service to a broader audience, including 
the LCIA community, mining companies and their 
downstream users, policy makers and academia. 

The aims of this project are to develop LCI datasets in 
collaboration with industrial partners from the mining 
sector and make environmental sustainability 
assessments of the cases using LCA, including the 
analysis of resource use – with the LCIA method 
developed within the project among the impact categories 
considered. In this framework, an analysis of the benefits 
of a product-oriented perspective in an environmental 
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sustainability strategy of the mining sector has been 
published recently (Alvarenga et al. 2019. 
 
2.2 Life cycle assessment (LCA) 
 
The main purpose of LCA is to evaluate quantitatively the 
environmental impacts of a certain system or product. Its 
main strength is that it allows going from an inventory of 
the materials, emissions and other relevant flows within 
the boundaries of the system to the environmental 
impacts, revealing the environmental relevance of the 
different elements as well as the overall environmental 
performance. The LCA methodology is widely accepted 
and applied in science. Indeed, the methodology was 
standardised through the international standards ISO 
14040 and ISO 14044 (ISO 2006a, b). 

The LCA methodology is made up of four specific 
phases (goal and scope, inventory analysis, impact 
assessment and interpretation), as shown in Fig. 1. The 
workflow is commonly iterative, in order to ensure that all 
the phases in the study are consistent and coherent. 
 

 
 
Figure 1. LCA framework. Adapted from ISO (2006a). 
 
3 Methodology 
 
3.1 Foreground data collection 
 
The collection of the foreground LCI data (e.g. inputs and 
outputs of material, emissions to air, water and soil was 
conducted using different sources in the company 
Boliden Mineral AB, operating the Aitik mine. Whenever 
possible, data already available from reports or specific 
databases were utilised. The following data sources were 
used during the process: 
• External reports: Environmental reports delivered to 

environmental agencies 
• Internal reports: energy audits 
• Internal information (software) system: Aaro data 

bank 
• Estimations: for instance, estimation of emissions 

from work machineries, based on the parameter 
used in Aaro data bank 

• Direct correspondence with staff from other sectors 
(e.g., Boliden Commercial) 

The data were normalised to the production of 1 kg of 
copper cathode (functional unit). The data collection 
process took approximately 9 months. Boliden Mines 
acted as the central coordinator of data provision. This 
process required a substantial effort for the coordination 
and collaboration of the different internal contributors. 
More than 10 staff members were involved in the data 
collection, from four different departments/sub-
companies (Boliden Mines, Boliden Commercial, Boliden 
Ronnskärsverken (Smelter), and Boliden Headquarters). 
 
3.2 Software, background database, calculation 

method and impact category selection 
 
To simulate the life cycle inventory regarding the 
environmental aspects, we used the database ecoinvent 
v3.3 and software Simapro v8.4. 

The International Reference Life Cycle Data System 
(ILCD) Handbook, based on ISO 14040 and 14044 (ISO 
2006a, b), was considered to conduct the LCA. This 
handbook is a guidance document, providing 
recommendations on models and characterisation 
factors to be used for impact assessment in applications 
such as LCA. This supports the analysis of emissions and 
resource consumption in a single integrated framework. 
The following impact categories have been selected to 
assess the environmental impacts of Aitik (and Cobre las 
Cruces): 

• Climate Change 
• Ozone Depletion 
• Ionising Radiation 
• Photochemical Ozone Formation 
• Acidification 
• Terrestrial Eutrophication 
• Freshwater Eutrophication 
• Marine Eutrophication 
The characterisation factors were retrieved from the 

method "ILCD 2011 Midpoint+ v1.10" (European 
Commission 2012) for all impact categories except 
Climate Change. Regarding Climate Change, the 
characterisation factors were taken from "IPCC 2013 
GWP 100a v1.03" (Joss et al. 2013; Myhre et al. 2013). 

Some impact categories (e.g., human toxicity, 
ecotoxicity) were not included, since they lack a 
sufficiently robust LCIA model, as indicated in the Product 
Environmental Footprint guidelines by the European 
Commission (European Commission 2018). 

 
4 Environmental assessment of copper 

production at Aitik 
 
4.1 System boundaries 
 
Processes for Aitik copper production have been divided 
into three sub-systems, for each of which LCI data (inputs 
and outputs) have been collected. These systems are the 
Aitik mine, the Aitik concentrator and the smelter. An 
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important characteristic of copper production at Aitik is 
that the smelter processes take place at geographically 
separate (ca. 410 km distant) facilities (Rönnskär, 
Skellefteå, Sweden). This smelter receives copper 
concentrate from several mines, as well as other metal 
concentrates (lead, zinc) and secondary material (scrap). 
As a result, the smelter produces, apart from copper 
cathode, various metals, metal sulfates or clinkers, as 
well as sulphuric acid, sulphuric dioxide and iron sand. 
This made economic allocation procedures necessary in 
this study. A flowchart of the processes and the system 
boundaries for Aitik copper production is provided in Fig. 
2. 
 

 
Figure 2. System boundaries for the Aitik LCIA case study, incl. the 
Rönnskär smelter (only primary-copper-relevant processes). 

 
4.2 Environmental hotspots 
 
Regarding the case study focused on Aitik Copper 
Concentrate, Fig. 3 shows the profile of the copper 
produced for the eight environmental impact categories 
considered. The relevant hotspots have been identified to 
support the industry on the management of 
environmental sustainability to reduce the footprint profile 
of copper production. 
The main hotspots identified in the Aitik case are the 
following: 
• Diesel and Explosives, at mine and concentrator, for 

climate change. 

• Sulphur dioxide emissions at the smelter, affecting 
acidification and photochemical ozone formation. 

• Nitrogen emissions to water, at mine and 
concentrator, for marine eutrophication. 

• To a minor extent, NOx, NH3, and SOx emissions at 
the supply chain of electricity (at smelter, mine and 
concentrator) and explosives (at mine and 
concentrator), affecting a few impact categories 
(photochemical ozone formation, acidification, 
terrestrial and marine eutrophication). 

• Electricity use in general, due to emissions in its 
supply chain affecting ozone layer depletion, ionizing 
radiation and freshwater eutrophication. 

It is important to highlight that these results are 
referring solely to primary copper produced from Aitik 
copper concentrate. 

As pointed out, diesel and explosives were the main 
hotspots identified in many impact categories. Compared 
with LCIA results obtained from the Cobre las Cruces 
copper production (part of the SUPRIM project, but not 
shown here), a correlation is apparent between deposit 
copper ore grade (<0.2 wt.% at Aitik, ca. 5 wt.% at Cobre 
las Cruces) and tonnage of explosives used in the mining 
process. 
 
5 Suggestions for future LCA work in the 

mining sector 
 
5.1 Structured communication and organization 

 
One of the main issues regarding the data collection in 
this study was communication between LCA practitioners 
and industrial partners. Boliden Mineral AB, similar to 
many other mining companies, holds a complex structure 
that includes different, relatively independent 
departments and sub-companies (Boliden Mines, Boliden 
Smelter, Boliden Commercial, etc.), each conducting 
their own functions. 

In order to improve these communication issues in 
future projects that involve LCI data collection processes, 
the definition of a key person of contact is advised. This 
contact person should be staff in a more central role and 
department in the organization, which may facilitate 
communication with the different departments. 

Overall, the key message is that an optimal and 
efficient organization of the data collection is important to 
save efforts and resources along the development of an 
LCA study. 
 
5.2 Comprehensive data management strategy 
 
Another important point that might be crucial for the 
improvement of the efficiency of future LCI’s is the 
adaptation of the data available at the mining company to 
the LCI requirements. This step requires substantial 
efforts due to the requirements to format certain data 
flows according to the requirements for LCI (e.g. 
allocations at the smelter).
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Figure 3. Contribution of the different elements of the system to the 
environmental impacts of copper production in the Aitik case study. 
Abbreviations: M&C = Mine and concentrator.An efficient LCI data 
collection will be possible only if the data needed in the LCI are 
linked with the data already available in the organization (e.g. data 
generated due to the legislation compliance). Thus, it is crucial to 
create awareness for this and employ existing tools that already 
collect data for LCA purposes. Such data may be already available 
in the allocated format, i.e., as emissions allocated to certain product 
systems of interest. 
 

Therefore, we suggest that the data already collected 
for other purposes (such as environmental reports) could 
be structured and formatted for a life cycle study prior to 
the data collection work. This could be done through a 
more comprehensive data management strategy. 
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Abstract. The IMPaCT European project proposes a 
solution that develops a new switch on-switch off (SOSO) 
mining paradigm to improve the viability of critical metals 
and other small complex deposits. It aims at developing 
small-scale mining along with mobile and modular 
beneficiation plants. Risks associated with such 
approach concern geological uncertainty, metallurgical 
variability and social acceptance. Sustainability of the 
developed technologies is of critical importance in the 
framework of IMPaCT. Potential environmental impacts 
are evaluated using life cycle assessment (LCA). LCA 
aims at quantifying exchanges between a system and the 
environment to translate them into impact indicators. 
Usually, LCA relies mainly on production data but in the 
case of new technologies development, often only 
experimental data are available. To deal with this gap, 
mineral processing simulation can provide consolidated 
and reliable data to forecast environmental impacts 
through LCA. The simulator-based USIM-PAC® software 
will assess the performance of a pilot plant commissioned 
for this project. The use of Monte Carlo algorithm 
regarding ore variability will allow evaluation of the effect 
upon metallurgical recovery and the generation of 
variable stream inputs/outputs for LCA. This work 
undertakes to link mineral processing simulation with 
LCA, resulting in comparisons between different mining 
strategies available for decision makers. 
 
1 Introduction 
 
In the context of the Raw Materials Initiative launched by 
the European Commission in 2008 (Directive 2008/98/EC 
2008) that aims notably at ensuring access to raw 
materials and fostering a sustainable supply of raw 
materials from European sources, the goal of the 
European funded project IMPaCT is to unlock access to 
small complex mineral deposits, particularly of critical 
metals, in Europe.  

The IMPaCT European project proposes a solution 
that develops a new switch on-switch off (SOSO) mining 
paradigm to improve the viability of many critical metals 
and other small complex deposits. The project’s main 
objective is to develop a modularized mobile plant (MMP) 
concept that can economically operate different type of 
ores in different types of geological and geographical 
contexts. More specifically, the project aims at deploying 
and commissioning a pilot MMP that contains new 

technological tools and methods related to mining, 
mineral beneficiation and waste and water management.  

The project also focuses on developing good practices 
in terms of social acceptance and environmental 
sustainability. Particularly, the environmental 
sustainability of the developed new technologies is 
assessed through Life Cycle Assessment (LCA), notably 
its potential benefits compared with business as usual 
(BAU) solutions. Emerging technologies developed in the 
context of research projects usually have low technology 
readiness levels (European Commission 2015) since 
they are developed at lab or pilot scale. This means that 
operational data for foreground inventory modelling are 
only available at that scale. In this context, two challenges 
arise in the environmental assessment of IMPaCT 
technologies. The first one is the upscaling effect: how 
can we ensure that pilot technologies and BAU ones are 
comparable and that this comparison is underpinned by 
reliable data? The second one is the generic assessment 
of IMPaCT technologies: how can we provide 
conclusions depending on scenarios based on different 
geological and geographical contexts? This paper aims 
to treat these challenges by linking mineral processing 
simulation and life cycle inventory (LCI) in order to 
forecast the potential environmental impacts in the 
framework of small-scale mining technologies 
development. 

Mineral processing simulation has already been used 
in several cases in the field of raw materials to simulate 
newly developed technologies (Villeneuve et al. 1995; 
Brochot et al. 2004; Menad et al. 2016). It has been used 
as well in environmental assessment of raw material 
recovery (van Schaik and Reuter 2010; Reuter and van 
Schaik 2015; Reuter et al. 2015; Rönnlund et al. 2016). 
 
2 Mineral processing simulation 
 
Developed by BRGM, and now commercialised by 
Caspeo, USIM-PAC® software is a steady-state 
simulator that allows mineral processing engineers to 
model and simulate unit and plant operations (Brochot et 
al. 2002). It includes as well hydrometallurgy and bio-
hydrometallurgy models. The simulator is also able to 
take into account water and power consumption. 

The simulator-based approach intends to describe as 
accurately as possible the behavior of the processed 
material along with performances of each unit operation 
included in the plant. Such an approach can be used for 
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early process design, feasibility studies, engineering, 
plant commissioning, plant operation and upgrading. 
Mineral processing simulation can deal with the challenge 
of upscaling, provided that a precise description of both 
the material and each unit operation is conducted, and 
that a large capitalization of knowledge has been 
acquired through laboratory and pilot tests, along with 
appropriate samples characterization. 

Mineral processing simulation relies on a complete 
flowsheet design, along with a material model definition 
and several unit operations models adjusted on 
experimental mass balances. The flowsheet of the 
simulator describes the process as unit operations linked 
one to each other with material streams. The phase 
model describes the characteristics of the materials to be 
processed (water, solids, reagents), such as particle size 
distribution and mineralogical composition. The phase 
model description is of critical importance when it comes 
to use a steady-state simulator dedicated to mineral 
processing. Each unit operation is associated with a 
mathematical model whose level of complexity depends 
on the availability of experimental data and the purpose 
of the simulator. Calibration of predictive mathematical 
models for each mineral processing unit operation is 
mandatory to accommodate geological uncertainty and 
metallurgical variability, and to provide reliable results. 
Finally, the software includes a set of algorithms 
dedicated for data reconciliation, material balance, unit 
operation sizing and power consumption. 
 
3 Life cycle assessment 
 
LCA is a standardized technique (ISO 14040 2006) to 
quantify and assess the exchanges between a system 
and the environment regarding the consumption of 
resources (inputs), the emissions (outputs) and translates 
them as pressure on the environment (potential impacts) 
attributed to different products or processes over their 
entire life cycle. According to ISO 14040:2006, the 
application of LCA relies on four steps (Fig. 1): 
- The goal and scope definition, where one defines the 

system boundaries and the functional unit, here the 
amount of metal production considered in a given 
context; 

- The life cycle inventory aims at collecting and 
quantifying exchanges between the system defined 
previously and the environment; 

- The life cycle impact assessment translates these 
exchanges in terms of potential environmental 
impacts and computes appropriate performance 
indicators.  

- The interpretation phase discusses the results based 
on the defined context, performs scenario 
comparison, identifies the hotspots and if needed 
redesigns the process. 

Environmental LCA is usually performed to compare 
products designs and processes routes (Norgate et al. 
2007; Farjana et al. 2019), in order to find out which is the 
least harmful, or in other words, more eco-efficient. It 
gives decision-makers a set of environmental 
performance indicators and shows to what extent the 

considered product or process is eco-efficient. In this 
way, one can also feedback to its own product or process 
design to make it more eco-efficient. 

In this study, the Ecoinvent v3.4 database is used for 
the LCI background modelling and the LCA calculation is 
performed using Simapro v8.5 with the ILCD impact 
assessment method. 
 
4 Concept 
 
By definition, when one develops new technologies with 
specific processes, only laboratory or pilot scale data may 
be available. Are these data reliable and consistent in 
terms of mass and energy for example? Another issue 
arises as well: can we compare technologies with low 
TRLs (technology readiness level) with industrial 
technologies? This work undertakes to build a link 
between mineral processing simulation and LCA and to 
overcome limitations of LCA applied to new technologies 
by filling the data gaps and covering the upscaling step 
between experimental and operational.  

Outputs of process simulation consist of each unit 
operation stream (solid and liquid flow-rate, composition, 
etc.), operating parameters, along with energy and 
reagents consumption. These data can act as direct 
inputs for the LCI foreground modelling (Fig. 1). In the 
case of the IMPaCT project, a mineral processing 
simulation is used to gather data specifically on the MMP 
operations at a semi-industrial pilot scale. Consumption 
of resources attributed to mining operations, modules and 
equipment transportation from one site to another is 
taken into account directly in the LCI foreground 
modelling. Given the particularity of modularity of 
IMPaCT technologies, the LCI foreground modeling must 
adapt to the type of treated mineral ores regardless of the 
geological and geographical contexts.  

 

 
Figure 1. Block-flow diagram illustrating the concept of link between 
mineral processing simulation with LCA 
 

The linking is performed through an Excel workbook 
that will consider outputs from simulation results, 
combined with additional models to complete the whole 
process chain (i.e. mining, transport, etc.). Outputs of the 
workbook, material and energy requirements and direct 
emissions, are imported into an LCA software (e.g. 
Simapro) to perform impacts calculation. 
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Case study application 
 
In the framework of the IMPaCT project, the MMP is 
about to be deployed on two mining sites namely Olovo 
and Zajaca. The Olovo Pb-Zn deposit (MVT type) in 
Bosnia and Herzegovina is hosted by carbonate rocks 
predominantly limestones and where the ore minerals are 
mainly cerussite (PbCO3) and minor smithsonite (ZnCO3) 
(Palinkaš et al. 2008, 2016). The Zajaca Sb deposit in 
Serbia is mineralised with stibnite (Sb2S3) (Janković 
1997; Radosavljević et al. 2013). The specificity of the 
raw material, the upstream supply needed regarding the 
conception, the configuration and the operation of the 
MMP will be different for each case study considered.  

This work then undertakes to design a set of 
flowsheets, to elaborate mineralogical phase models, to 
choose and finally to calibrate each unit operation model 
according to each case study. The mineralogical phase 
model describes each considered ore with their specific: 
- particle size distribution; 
- density distribution of each size class; 
- mineralogical composition of each particle type. 
Additional parameters obtained from ore characterization 
tests, such as ore crushability and ore abrasiveness, are 
taken into account. The flowsheet is designed according 
to the equipment that are to be deployed on each site, 
including ore sorter, crusher, screen, mill, jigs, spirals, 
shaking tables, flotation cells, wastewater treatment and, 
eventually, hydrometallurgy. Calibration of predictive 
mathematical models for each unit operation are first 
performed with a testwork campaign realised after 
commissioning the MMP at the Olovo site. 

Simulation results then provide mass balances and 
energy inputs of the MMP considering different scenarios 
of the LCI modelling. Additionally, the use of the Monte 
Carlo algorithm regarding ore variability permits 
evaluation of the effect upon metallurgical recovery, and 
also the generation of variable stream inputs/outputs for 
environmental assessment (LCA).    

The functional unit will be one mass unit (kg or t) of ore 
concentrate and one mass unit of metal (lead or 
antimony) contained in the ore concentrate produced by 
a considered scenario. At the end, LCA calculations will 
result in an assessment of potential environmental 
impacts of the IMPaCT technologies for different 
considered mining scenario, when producing lead or 
antimony. Such an approach allows us to identify 
environmental hotspots within the process, which could 
help to drive a process eco-design feedback. Finally, 
another relevant analysis would be to benchmark the 
environmental impacts of the production of lead and 
antimony in Europe, or worldwide, against the production 
with IMPaCT technologies under development. Figure 2 
presents a benchmark for 1 kg of lead production and its 
potential impact on climate change. 

 

 
Figure 2. Benchmark of lead production potential impact on climate 
change (Norgate et al. 2007; Davidson et al. 2016; Hong et al. 2017; 
der Voet et al. 2019; Farjana et al. 2019). 
 
6 Outlook 
 
The outlook of this work within the IMPaCT project is to 
design an LCA tool that will allow a custom-made 
analysis to account for specificity, to conduct a 
comparative potential impacts assessment of different 
mining scenarios encompassing different types of 
resources, ore deposits and local contexts to illustrate the 
benefits of SOSO mining relative to traditional mining 
methods. 

To link the different LCI foreground modelling specific 
to the functional unit using the MMP, while keeping the 
adaptability to assess different scenarios of MMP 
deployment, a link between mineral processing 
simulation outputs and LCI inputs is proposed in a 
specific Excel tool. This enables all the necessary 
information for LCI foreground modelling, as well as all 
information concerning the goal and scope of each 
scenario to assess (type of treated ore, amount treated, 
geographical context, etc.), to be taken into account in 
separate sheets. A complete LCI for the foreground 
process is then compiled, calculated and converted 
according to the Ecoinvent nomenclature, in a specific 
sheet of the tool that can directly be imported within 
Simapro to perform LCA calculations. 

Inputs from mineral processing simulation towards 
LCA allow the environmental assessment of emerging 
technologies to be built on data that are consistent in 
terms of mass balance and more reliable especially when 
upscaling effects arise. This link is illustrated here in the 
context of the raw materials sector, but could be used in 
any other field where process design is used to develop 
emerging technologies. Finally, the developed tool 
provides the flexibility to assess different kinds of 
scenarios specific to the IMPaCT project. At the end, by 
answering the challenges of upscaling effects and 
adaptability, the results obtained can be used by decision 
makers for both eco-design approaches and benchmark 
assessments. 
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Abstract. Over the past three decades there have been 
significant advances in our understanding of the causes 
and potential effects of Acid and Metalliferous Drainage 
(AMD) from mining and mineral processing operations. 
Early recognition and management of AMD is necessary 
to produce a significantly better environmental outcome 
at mine closure. However, AMD remains a challenging 
subject that continues to be underestimated and long 
term management costs are often not correctly factored 
into company balance sheets.  This paper presents an 
overview of the occurrence and potential impacts of AMD 
during the planning operational and closure phases of 
mining and mineral processing operations; and is based 
upon 25 years of experience at such operations both in 
Australia and around the world.  Several case studies are 
integrated into the paper to provide relevant context and 
to ‘bring the geochemical equations and concepts to life’. 
The presentation includes information on methods used 
to predict and prevent AMD, although it is recognised that 
in some cases AMD can only be mitigated and managed.  
Additional sources of useful information on AMD are also 
provided for further reading. 
 
1 Introduction 
 
One of the biggest challenges facing the mining and 
mineral processing industry is ensuring that proposed 
and operating mines are adequately designed, structured 
and maintained to prevent acid and metalliferous 
drainage (AMD).   The mining industry has steadily 
improved its performance in this area with respect to the 
prevention and management of AMD.  
 Understanding the geochemical characteristics of 
potential mine waste materials at the exploration stage of 
a proposed mining operation is the key to developing and 
implementing an appropriate mine waste management 
plan and also contributes to successful mine closure.  For 
larger mining companies such as Rio Tinto and BHP 
Billiton, prevention and management of AMD forms an 
integral part of internal standards which must be met 
before a project can proceed to the regulatory approvals 
stage.  For some smaller mining companies, the risk of 
AMD can be an issue during downturns in the commodity 
price cycle, if the mine waste management plan is not 
implemented correctly, or there is a change in ownership 
of the mining operation. 

Over the past three decades there has been a 
tremendous growth in the number of geochemical/AMD 
studies completed for mine waste storage facilities (e.g. 
waste rock dumps and tailings storage facilities) around 

the world (Parker and Robertson 1998; MCA 2016).  
These studies are typically a pre-requisite to Regulatory 
approval and/or project finance, and form an integral part 
of mine planning, operation and eventual mine closure.  If 
the principles of sustainable development are used as a 
framework for these studies, in line with accepted mining 
industry standards and principles (ICMM 2003), then this 
can significantly reduce the risk of AMD generation and 
potential environmental impacts. 

It is typically during the mine planning stage that 
significant differences in key variables at each mining 
project become recognised (such as mine waste 
geochemistry, construction and final cover materials, 
climatic conditions, vegetation characteristics and 
stakeholder expectations), which leads to practical mine 
waste management design solutions varying 
considerably from site to site.  Core decisions made 
during mine planning and operational stages can 
significantly limit the range of options available to site 
management for closure of mine waste storage facilities 
(INAP 2009).  However, the timely acquisition and use of 
quality information on the nature of mine waste materials 
and their potential impact on the environment can be 
used to develop innovative design solutions and promote 
sustainable closure.  This is shown in Figure 1 which 
illustrates management and closure options and costs 
over the life of a typical mine.   
 

 
Figure 1. Closure options and costs across the life of mine after 
INAP, 2009. 
 
The mining industry now recognizes that mining and 
associated mineral processing is a relatively short-term 
use of land that can present a number of environmental 
challenges and potential opportunities for beneficial post-
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closure land use.  Demonstration of successful mine 
planning and operation through to sustainable closure, 
retains a strong case for future access to resources, 
which not only benefits our industry, but society as a 
whole.     
 
2 Planning 
 
It is often during the pre-feasibility or feasibility stages of 
a mining project that key AMD studies are completed, and 
management decisions made regarding the fate of mine 
waste materials.  Typically, samples of drill core from a 
range of drill holes in and around a target deposit are 
selected and subjected to a range of geochemical and 
mineralogical tests.  In fact, there is often a wealth of 
mineralogical data on potential deposits that can be used 
to develop the scope of a geochemical assessment 
program and assist in determining AMD potential (Becker 
et al. 2018; Jackson et al 2018; and Opitz et al. 2018).  
The drill core samples may represent various waste rock 
lithologies and alterations as well as ore and low grade 
ore materials, each of which may need to be managed 
separately.  Drill core samples representing ore may 
undergo mineral processing tests, producing tailings, 
which are also subjected to geochemical tests.  The role 
of the geochemist at the planning stage is to select 
representative mine waste samples through interaction 
with other feasibility study team members, looking at the 
geology and mineralogy of the deposit, the mineral 
processing regime, potential surface water and 
groundwater interactions, and the design of conceptual 
mine waste storage facilities (e.g. waste rock dumps and 
tailings storage facilities).   

There are generally no regulatory requirements 
regarding the minimum number of samples required to be 
obtained and tested for mine waste materials.  However, 
technical guidelines for geochemical assessment of mine 
wastes has recently been published in Australia (COA 
2016) and internationally (INAP 2009); and can be used 
as a framework for the development of a mine waste 
sampling and testing program.  The sampling strategy 
should be based on the expected heterogeneity of the 
mine waste materials; potential for significant 
environmental and/or health impacts; size of operation; 
statistical sample representation requirements; waste 
volume; level of confidence in predictive ability; and cost.     

Geochemical/AMD testing of mine waste materials is 
generally divided into two categories (static and kinetic 
tests).  Static tests generally involve screening a relatively 
large number of samples to determine their geochemical 
characteristics (e.g. pH, salinity, potential for acid 
generation).  Following screening, a subset of these 
samples is subjected to multi-element tests for total and 
soluble metals/metalloids contained in water extracts.  
Kinetic tests are generally reserved for a small number of 
samples to determine the geochemical characteristics of 
mine waste materials over time.  In Australia, technical 
guidelines for static and kinetic geochemical testing of 
mine waste materials have been developed (AMIRA 
2002).  The information acquired from static and kinetic 
geochemical tests can be used as an input into a variety 

of more advanced studies throughout the life of mine 
including block modelling of the waste rock materials, 
reactive transport models and prediction and 
development of closure completion criteria.  These 
studies form part of the information required to develop 
optimal management strategies for mine waste storage 
facilities.     

In the unfortunate event that AMD does occur at a 
mining operation, there are a number of water treatment 
processes that can be used to treat AMD, and these 
generally fall into the active and passive treatment 
categories.  Active treatment typically involves the 
addition of alkaline materials to AMD at a treatment plant 
and although expensive, can be quite successful at 
treating AMD.  The process does however generate a 
sludge material that can contain elevated concentrations 
of metals/metalloids and require management.  Passive 
AMD treatment systems such as constructed wetlands 
are generally only used as a final polishing step following 
active treatment or where mining wastes have been well 
managed.  However, AMD treatment could be viewed as 
an “admission of failure” because if mine wastes are 
characterised and well managed the need for AMD 
treatment processes could be avoided 
 
3 Operations 
 
In some cases, an expansion or new development at an 
existing mine mining operation can occur well after the 
mine has commenced operating and waste storage 
facilities are already in place.  The McArthur River base 
metal (lead, silver and zinc) mine in the Northern Territory 
of Australia, for example, commenced as an underground 
operation in 1994/95 and plans for an open pit 
development were subsequently finalised in 2006.  The 
open pit development required an Environmental Impact 
Assessment, a major component of which was a 
geochemical/ARD assessment of waste rock and tailings 
materials likely to be produced as a result of the planned 
expansion (Robertson 2005).  For the waste rock 
characterisation test work, 656 drill core samples 
(representing 1 to 5m depth intervals) were selected from 
35 drill exploration drill holes and subjected to static and 
kinetic geochemical AMD tests.   

The static and kinetic test results were integrated into 
a geochemical block model for the final open pit design 
which involved significant interaction between the project 
geochemists and geological/mine planning personnel.  
The geochemical block model indicated that 
approximately 10 % of the waste rock material was 
Potentially Acid Forming (PAF) and that that this was 
restricted to the upper and lower pyritic shale rock types.  
The vast majority of the waste rock was found to be Non-
Acid Forming (NAF) and the W-Fold Shale and Teena 
Dolomite domains were found to be a potential source of 
highly acid consuming material.  As a result of this work, 
it was decided to selectively handle and encapsulate PAF 
shale waste rock materials in compacted clay cells within 
a NAF waste rock shell at a purpose-built waste rock 
emplacement facility.  The geochemical kinetic tests were 
completed over a period of six years and results provided 
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insight into the likely quality on surface runoff and 
seepage quality from a range of PAF and NAF materials.   
The results of the geochemical tests and block modelling 
turned out to be a key issue with respect to project EIS 
approval and subsequent mine development.   

Selective handling, placement and encapsulation of 
PAF mine waste materials can be an expensive and 
challenging exercise however for highly sulfidic materials, 
the benefits far outweigh the initial costs and challenges.  
At Ernest Henry lead zinc mine in Queensland, for 
example, visually identifiable PAF mine waste materials 
were selectively handled, placed and encapsulated within 
NAF waste rock materials in a manner that avoided the 
need for an expensive engineered cover system at mine 
closure (Figure 2).   

 

 
Figure 2. Aerial view of waste rock dump construction 
 

The final landform at the northeast end of the waste 
rock dump is shown in Figure 3. Encapsulation of PAF 
waste rock within the waste rock dump during 
construction was developed to essentially be an effective 
method of preventing AMD.   
 

 
Figure 3. Waste rock dump final landform 

 
4 Closure 
 

There have been a number of publications in recent years 
focussing on the design for closure of mine waste storage 
facilities.  If mine planning, completed during the 
feasibility stage, does not include the relevant studies to 
promote a comprehensive understanding of the 
geochemical nature of mine waste materials and potential 
ARD risk, mining companies can often be left with no 
alternative closure option other than to use an engineered 
cover system for mine waste storage facilities.  Our 
understanding of the likely performance of cover systems 
has made significant advances over the past three 
decades.  Whilst detailed numerical modelling and field 
trials of cover systems are favoured by some in the early 
stages and indeed throughout mine waste cover planning 
(MEND 2007), others appear to take a more pragmatic 
approach (Wilson 2008), with some questioning the 
validity of up-scaling the results from instrumented small-
scale test plots to multi-hectare landforms (Campbell 
2007).  These publications contain a wealth of valuable 
information to guide closure planning design for mine 
waste storage facilities and highlight that, as an industry, 
we have come a long way towards our goal of sustainable 
closure.  However, the significant variation in opinion also 
suggests that we still have some way to go to reach our 
goal of sustainable closure.   

An example of a typical cover design solution for 
closure of an existing tailing storage facility (TSF) has 
been developed for an operating nickel mine located in a 
semi-arid to sub-tropical region of Australia.  The design 
is based upon the existing knowledge base of the 
professional design team, the outcome of tailings 
geochemistry and mineralogy tests, the physical nature 
of the footprint materials, as well as knowledge of the 
physical nature of the construction and final cover 
materials.  Infiltration modelling of the cover system 
design has been completed for the project along with 
hydrogeological and solute transport modelling.  Other 
key factors for cover design included climatic conditions, 
site vegetation characteristics, and stakeholder input 
which led to regulatory approval in 2015 (Robertson et al. 
2015).   

Final closure of the TSF facility will be managed by 
constructing an enhanced store-and-release cover 
system over the tailings materials.  The TSF will be 
divided into three cells for tailings deposition, which will 
result in the first cell (Cell A) being available for 
decommissioning and closure at an earlier stage than 
Cells B and C.  This will provide an ideal opportunity to 
monitor and improve the performance of the TSF cover 
system before mine closure.  Prior to closure of each cell, 
the central decant system will be converted into the main 
tailings discharge point and tailings will be deposited to 
create a “domed” surface (2-3% slope angle).  The 
expected consolidation settlement of the tailings will be 
allowed for in the closure landform design.  The TSF 
cover comprises a total depth of 3 m including a topsoil 
layer, growth layer and capillary break layer above the 
tailings surface.  The TSF cover system will retain and 
store rainfall from most precipitation events and maintain 
a vegetated surface.  Excess rainfall from extreme 
precipitation (cyclonic) events will be shed in a controlled 
manner from the TSF surface and released using a 
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spillway facility.  The enhanced “store and release” cover 
system design for the TSF has been peer reviewed and 
found to align well with international best practice in the 
mining industry best practice.   
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Abstract. A technical research project has been 
instigated by Mine Environment Management Ltd (MEM) 
to determine how the application of fragmentation 
analysis to the characterisation, management and long-
term planning of waste rock may provide opportunities to 
optimise project economics. Detailed laboratory-based 
heterogeneity testing including quantitative mineralogical 
analysis has been twinned with site-based fragmentation 
analysis to assess properties of as-mined waste at two 
operational sites. The technical assessment has involved 
analysis of geochemical and mineralogical properties 
across the range of particle size fractions represented by 
the mined waste product. The results indicate that 
fractionation of metal sulfides and carbonates as a result 
of fragmentation occurring during the mining process, is 
a key factor influencing the validity of a typical grade 
weighted cut-off grade and bulk property modelling 
approach to waste classification and modelling. It has 
been found that the geochemical properties of the waste 
as mined are not well represented by the bulk 
compositional values attributed in the waste block model. 
In addition, it has been found that if fragmentation 
analysis is used to inform economic assessment of long-
term waste management costs, optimised waste 
management strategies can be identified that would 
otherwise have been missed. 
 
1 Introduction 
 
Typically, waste characterisation classification systems 
used as part of long term mine planning based on industry 
best practice geochemistry methods (Price 2009) are 
translated into mine planning and operations by the 
utilisation of block models (Pearce et al 2013). These 
block models are generally developed by the mine site 
geologist that have developed the ore reserve and 
geological model and define waste based on discrete 
grade weighted cut-off grades to differentiate between 
waste and ore zones, and wastes of different 
geochemical or physical properties (Pearce et al 2013). 
The use of a cut-off grade approach reflects an 
underlying assumption that waste rock properties can be 
defined and treated in block models as having static and 
bulk characteristics in the same manner as ore. That is to 
say that, once mined, the waste material block has the 
same intrinsic property as defined from the averaged 
value obtained from the block model. In most cases the 

waste block model is integrated with the ore reserve block 
model, which in turn is generated from the geological 
block model.  In general, the classification system used 
to define waste within these models is based on risk of 
acid and metalliferous drainage (AMD) and broad “catch 
all” definitions such as potentially acid forming (PAF) or 
non acid forming (NAF) are used (Price 2009). With 
respect to economic assessment, this approach typically 
assigns no economic “value” (negative or positive) to 
waste blocks irrespective of classification other than to 
consider load and haul costs for disposal. This lack of 
cost modelling is driven by the assumption that waste has 
no intrinsic value, and that additional costs of managing 
waste are adequately accounted for elsewhere such as 
in closure cost estimation. The adoption of these broad 
assumptions as part of typical waste management 
strategies is in many cases considered to reflect current 
best practice (MWEI BREF) given they are based on 
standardised and established mining approaches. The 
implication is that these approaches are considered to be 
adequate to capture risk and provide an optimised cost 
model for waste management. This study assess the 
validity of using waste characterisation methods that 
assume that the properties of the mined waste product 
can be accurately defined from grade averaged block 
modelling approaches. In particular the study focuses on 
the role of fragmentation that occurs during mining may 
have on project risk and economic assessment. 
 
2 Fragmentation analysis 
 
During the mining process blasting of ore and waste rock 
is designed and carried out to fracture the in-situ rock 
mass, to enable excavation and transport of the material. 
Run of mine (ROM) fragmentation is considered optimal 
when the material is fine enough and loose enough to 
ensure efficient excavation and loading operations. The 
blasting optimisation strategy is usually focussed on 
minimising total mining costs and maintaining the optimal 
ROM fragmentation characteristics (Kanchibotla et all 
1999). Singh (2016) notes that “the goal of efficient 
blasting is determined by investigating the relationship 
between blast design parameters and fragmentation. It is 
extremely important to make the connection between 
rock blasting results and their impact on the downstream 
operations. It is well accepted that fragmentation has a 
critical effect on the loading operations, but little 
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quantitative information is available, upon which rational 
blasting strategies can be outlined”. Although this 
reference is made with regard to downstream ore 
processing, it should be obvious that this statement would 
also apply to the consideration of the impact of the 
fragmentation profile on AMD risk and resultant 
management costs of the waste rock generated. Given 
the general lack of consideration of AMD risk in the cost 
model adopted for blasting strategies, it is clear that this 
aspect likely represents a significant source of missed 
opportunities for optimised waste management planning 
at mine sites.   Fragmentation analysis is a common 
technique (e.g. Nov 2013, Mohamed 2019) used as part 
of economic optimisation of mining projects. The analysis 
involves assessment of the particle size distribution of 
mined material at various stages in the mining process, 
typically after blasting has occurred. The most utilised 
method to quantify fragmentation is the determination of 
the size distribution using digital imaging processing 
techniques. This method being low cost and practical and 
is the second reliable method after sieve analysis. In this 
method, images acquired from excavators, haul trucks, 
conveyor belts etc. are delineated automatically by using 
digital image processing techniques and size distribution 
of fragmented rocks is determined (Mohamed et al 2019). 
In recent years development and adoption of new 
automated imaging technology has significantly reduced 
the cost of carrying out the process, and as such more 
and better data can be gathered at lower cost. The 
technique is used to a great extent to assess blasting 
efficiency in ore zones as the as-mined particle size of 
ore material is a critical input to processing efficiency and 
cost. The technique is also used in waste zones but 
mainly to determine blast efficiency as part of assessing 
blasting costs. Because particle size has long been 
known to be a critical factor in the assessment of AMD 
risk of waste materials, an opportunity was identified to 
explore the potential to utilise the technology to 
supplement waste characterisation and management 
process.  

The PSD profiles for three waste types from an 
operational open-pit base metal mine site, were collected 
between June 2016 and October 2017. The 
fragmentation analysis was carried out using automated 
Orica cameras fitted to two shovels operating onsite 
during this period. Recorded data was linked with the 
corresponding blast, material block and material type by 
following the progress of the shovels daily. Approximately 
~32,000 images of blasted waste rock from 178 blasting 
events were processed and analysed (Figure 1). The 
PSD profiles of the three waste types are very similar to 
each other, indicating that blasting produces a consistent 
waste material product with respect to particle size, which 
is independent of waste type. The fine fraction accounts 
for a relatively small proportion of the overall waste mass 
with <20% mass being <10cm diameter. 

Once the fragmentation profile for the blasted waste 
rock had been established, laboratory assessment of key 
particle size fractions was carried out to include 
compositional and mineralogical analysis.  
 

 
Figure 1. PSD profile for fragmentation analysis of 178 blasting 
events in open pit mining operations 
 
2.1 Metal sulfide speciation 
 
Nickel and copper concentrations for five, post-blast 
waste rock samples, was determined by four acid digest 
of the sample, followed by ICP analysis (Figure 2). The 
finest fraction of the samples (<2.36mm) has a notably 
higher concentration of Ni and Cu compared to the larger 
fractions indicating significant “upgrading” of metal 
content in the <2.36mm fraction. This effect was noted 
across all analysed samples. Mineralogical analysis was 
then carried out by Petrolab Ltd on one sample of 
<2.36mm size fraction and one >22mm size fraction 
samples using scanning electron microscopy (SEM). A 
polished block was prepared from each of the submitted 
sample fractions and carbon-coated to a thickness of 10 
nm. Each block was analysed using a ZEISS EVO MA 25 
scanning electron microscope (SEM) fitted with a Bruker 
xFlash 6|60 x-ray detector for energy-dispersive X-ray 
spectroscopy (EDX) analysis.  
 
Table 1. SEM analysis results showing metal sulfides (pentlandite 
and chalcopyrite) and dolomite in <2.3mm fraction as weight %. 

Mineral phase <2.36mm >22mm 
Pentlandite 0.16% 0.03% 

Chalcopyrite 0.2% 0.06% 
Dolomite 0.44% 0.08% 

 
Table 1 shows the results of the mineralogical 

analysis. Higher concentrations of Ni-bearing pentlandite, 
and Cu bearing chalcopyrite were reported for the 
<2.36mm fraction, where the highest concentrations of 
metals were recorded. The results indicate that blasting-
related fragmentation significantly concentrates metal 
sulfides in the finer fraction, likely because of the 
presence of metal sulfides in veins/fracture fills. Cut-off 
grades for ore and waste at the site are defined based on 
metal sulfide content (processing is only effective at 
recovering metals from sulfide content). The significantly 
higher metal sulfide grades in the <2.36mm fraction 
therefore present an opportunity for metal recovery from 
this “waste” if this material were to be separated and 
processed as ore. The higher metal sulfide content and 
fine grain size both enhance the potential 
processing/recovery efficiency and lower cost. 
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Figure 2. Box plot showing range, median and average 
concentrations of nickel and copper by particle size for 5 samples of 
waste rock post mining that have been spilt into 3 grain size fractions 
(15 samples total) 
 

The higher surface areas and higher sulfide content of 
the fine fraction can cause an order of magnitude 
increase in sulfide oxidation rates and AMD loading 
making it the highest relative AMD risk. The results are 
important because the concentrating of metal sulfides in 
the finer fraction will increase the potential for AMD 
production relative to the assumed characteristics of the 
“bulk” material properties, estimated in the waste 
characterisation and block model. The block model 
assumes that all rock mass of the same grade-weighted-
average value has the same geochemical properties. The 
further implication is that, conversely because metal 
sulfides are concentrated in the fines, the coarser 
materials will have a significantly lower AMD risk profile 
(lower grade, smaller surface area). As such, material 
that has been classified as higher risk with respect to 
AMD may be mined so as to have a significantly lower 
risk profile by optimising the waste blasting pattern in 
relation to fines generation. This highlights an opportunity 
to reduce waste management costs: the bulk of the high-
risk classified material in the waste model and schedule 
can potentially be reclassified as lower-risk. 
Figure 3 shows sulfur release from 2:1 leach tests carried 
out on different grain size fractions of the same sample. 
The >22mm fraction produces little if any sulfate. This 
lower reactivity reflects the lower metal sulfides present, 
and the low surface area, resulting in significantly lower 
AMD risk profile of this material. All of the fine fraction 
sample results exceeded the >22mm sulfur release 
amount significantly. In the block model the material is 
considered to have homogenous properties, however, 
the actual AMD risk profile of the grain size fractions 
represent order of magnitude differences. The relatively 
small volume of fine fraction material compared to the 
bulk highlights the overall benefit that separating this fine 
material would have on lowering waste management 
costs overall.  

 
 
 
 

Figure 3. Box plot showing range, median and mean values for 
sulfur release in 2:1 leach tests for 5 samples split into 3 grain size 
fractions (15 samples total) 
 
2.2 Carbonate speciation 
 
Results from mineralogical analysis shown in Table 1 
indicate that the carbonate dolomite is also concentrated 
in the <2.36mm fraction. This observation is important as 
the presence of carbonates in mine waste in the finer 
fraction is a key factor in AMD risk mitigation. Buffering of 
acidity generation by carbonate minerals is most 
significantly influenced by the finer particle size fractions 
where carbonate mineral reactivity rates are orders of 
magnitude higher.  

Figure 4. Box plot showing range, median and mean values for 
carbonate carbon for 5 samples split into 3 grain size fractions (15 
samples total) 
 
Analysis of carbonate content by grain size fraction for 
the 5 samples (Figure 4) shows carbonates are 
significantly concentrated in the finer fraction (2.36-22mm 
fraction as well as the <2.36mm fraction). The >22mm 
fraction has a much tighter range and values are very low 
indicating that the >22mm fraction is almost devoid of 
carbonates. The results suggest that concentrating of 
carbonates in the finer fraction will significantly increase 
potential buffering potential relative to the “bulk” 
properties. As such waste management costs could be 
reduced if material that was classified as higher risk in the 
waste model because of insufficient carbonate buffering, 
could be re-classified as lower risk because of higher 
relative carbonate to sulfide content. In addition further 
opportunity can be identified to utilise high carbonate, low 
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sulfide material which may have uses such as alkalinity 
producing cover, source material for “limestone” drains, 
source material for alkaline material to “blend” with higher 
risk material etc.  

 
2.3 Implications for mine planning 

 
Key findings of the assessment are that:  

 
(a) Fractionation may render larger particle sizes 

(>22mm) effectively inert when in the mine 
model they may be classified as having high 
AMD risk. As such a large potential cost saving 
can be identified by separating and re- 
classifying this material as lower risk material  

(b) Fractionation can cause carbonates to 
concentrate in the finer particle sizes which 
means that an alkalinity generating material 
could be created by screening this fraction out.  

(c) Fractionation causes significant upgrading in 
metal sulfide content in finer fractions meaning 
that metal grades move closer to that of ore than 
waste. There is an opportunity for this material to 
be separated and processed thus representing a 
source of recoverable metals.  

(d) Fractionation of metal sulfides into the finer grain 
size means that AMD risk may be 
underestimated by standard block modelling 
approach. This is because the model uses grade 
weighted cut off grades to determine waste 
class, which in turn is based on the relative 
reactivity of materials from laboratory testing at 
specific sulfide grades.  

(e) The separation and processing of the finer 
fraction with higher metal content presents an 
opportunity to significantly reduce project AMD 
risk. This is because the finer fraction with high 
metal sulfide fraction comprises the majority 
(>80%) of the potential total AMD risk from bulk 
mine waste mass. Processing of the material 
allows both removal of metals into product that 
will be sold offsite, and also the removal of the 
sulfide content to a different waste stream 
(tailings).  

(f) The use of fragmentation analysis to guide 
blasting patterns in waste zones may provide 
benefits as the physical properties of the waste 
product can be controlled at the source. Blasting 
can be tailored to produce a finer or coarser 
waste product that may allow some control over 
AMD risk, and may provide opportunities to 
recover both metals and carbonates that may 
provide positive cost benefits. 

 
3 Conclusions 
 
The use of waste “block models” to assess waste 
properties as part of mine planning, and the generation of 
waste schedules, has been increasingly used across 
industry over recent times. The research carried out by 
the authors demonstrates that this approach should be 

viewed with caution, and further may be resulting in 
missed opportunities for optimising waste management 
economics. Classifying materials based on bulk grade 
weighted averages without assessing the actual 
properties of the as mined waste product may result in 
underestimation of potential AMD risks, and may result in 
recoverable metals being discarded in the waste stream. 
Fragmentation analysis has been identified as a potential 
means to assess the relative change to both the AMD risk 
profile, and metal recovery potential of the as mined 
waste. New technology allows for in-situ assessment of 
fragmentation during the mining process meaning that 
optimising the blasting process itself may realistically be 
used to “change” the AMD risk profile of the waste 
product and introduce another layer of AMD risk 
management. Further, this study demonstrates that 
opportunities to improve project economics can be 
identified such as identifying the recovery potential of 
potentially economic metals from material previously 
classified as “waste” along with recovery of carbonates 
that may have “value” on site for use as part of risk 
mitigation strategies.  
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Abstract. Three waste materials (A, B and D) were 
subjected to kinetic column leach tests to determine their 
acid forming characteristics. To improve predictions of 
their behaviour from the outset and to enhance the 
understanding of the water chemistry data collected over 
156 weeks, column feed materials were characterised 
using automated mineralogy and a new accelerated static 
geochemical test.  Initial measurements of the bulk 
mineralogy confirmed an abundance of magnesite and 
dolomite in Type A with trace pyrite (0.2 wt. %) identified 
however only 12% of this was liberated. Type B contained 
far less carbonate and was instead dominated by albite, 
magnesiohornblende and chlorite with minor pyrite 
(1.15%) again observed (with 12.5% liberated). Type D 
contained the highest pyrite (1.3 wt. %; 10% liberated) 
which was notably coarser (p80 of 550 µm) with the 
remainder comprising albite, actinolite, chlorite and 
tremolite and no carbonates. Accelerated static testing 
classified Types A, B and D as non-acid forming (NAF). 
Each waste type was predicted to be NAF in the kinetic 
trials which was observed. This study highlights that 
undertaking detailed column-feed characterisation allows 
behaviour of materials during kinetic trials to be predicted 
with a better understanding of mineral weathering and 
water chemistry afforded. 
 
Introduction 
 
The industry-wide trend towards mining larger, lower 
grade ores ultimately results in a net increase in the 
quantities of waste produced (Mudd and Jowett, 2018). 
For many ore deposit types (e.g., sedimentary exhalative, 
epithermal, porphyry) resulting mine waste materials may 
contain sulphides (e.g., pyrite; FeS2, pyrrhotite; Fe(1-x)S)  
which under surficial conditions, will oxidise to produce 
sulphuric acid  by processes collectively termed acid and 
metalliferous drainage (AMD) as described in Dold 
(2017). If this acidic drainage enters surface and ground 
waters, there is potential for metals/metalloids, at 
deleterious concentrations, to be introduced into 
surrounding ecosystems and ultimately become 
bioaccessible to humans (Dold, 2017). There is 
significant pressure on the mining industry to improve 
methodologies for predicting the behaviour of future mine 
wastes, in order to protect communities and reduce 
liabilities when the mine reaches the end of its life, as 
indicated by the social licence to operate having been 
identified as the top risk posed to the mining industry for 
2019 (Ernest Young, 2019). 

Traditionally, to predict the behaviour of mine waste 
material, two types of test work can be undertaken, static 

(short term, low-cost) and kinetic (longer term, high-cost) 
tests. Static tests comprise a range of chemical tests 
which involve the determination of sulphur or sulphide-
sulphur to calculate maximum potential acidity (MPA; 
using stoichiometric factors derived from pyrite oxidation 
reactions) and the titration of a sample to calculate its acid 
neutralising capacity (ANC). Subtraction of ANC from 
MPA gives the net acid producing potential (NAPP) which 
enables waste classification (based on the absolute acid 
forming potential), particularly when screened again net 
acid generation (NAG) pH values (Dold, 2017).  Kinetic 
testing provides more reliable information for predicting 
the long term water chemistry with two main types of 
testing used, humidity cell (e.g., Brough et al., 2018) and 
column leach (e.g., Qian et al., 2017). However, this 
information is generated over a much longer time scale 
(i.e., the minimum a test can run is 20 weeks), and due to 
the costs involved, few are performed and can also be 
terminated too early, therefore the resulting data may be 
of questionable accuracy and not effectively included in 
mine planning decisions. Researchers (e.g., Bouguet et 
al., 2011; Opitz et al., 2016) have recognised there is a 
gap between static and kinetic testing which, in order to 
improve AMD predictions, needs to be bridged. Motivated 
by this, our study is part of a larger research project (with 
Petrolab Ltd and the University of Cape Town) aimed at 
introducing a new testing step, as a precursor to kinetic 
testing, which focuses exclusively on characterising 
column feed materials with detailed mineralogical 
assessments performed on size fractions to understand 
the texture of acid forming and neutralising minerals.   

Sample materials from the Savage River iron-ore 
mine, Western Tasmania were used in this study. Waste 
at this site are classified as one of four types, Type A is 
carbonate bearing and is therefore considered alkaline, 
Type B is a neutral waste, Type C is a clayey gravel which 
is often used for capping and Type D contains pyrite so is 
regarded as potentially acid forming (PAF).  Several 
waste rock piles, of different ages, are present at the site 
however the piles constructed by the current operator, 
Grange Resources, have been effectively built to 
minimise AMD. As newer parts of the deposit are being 
explored, early commencement of geoenvironmental 
characterisation work was initiated.  At least 143 samples 
representative of Types A, B and D were subjected to 
detailed static testing, from which a preliminary waste 
model was developed. The aim of this study was to use 
new column feed tests and kinetic trials to confirm the 
geoenvironmental behaviour of these waste types in 
order to understand the risks posed and improve the 
understanding of how they might behave in a waste rock 
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pile. 
Methodology  
 
10 bulk samples (5 kg; - 4 mm) from each waste type 
were delivered to the University of Tasmania (UTAS) in 
July, 2015 and a composite sample prepared for each 
waste type. This material was riffle split and a 
representative portion of the column feed was used in a 
range of chemical and mineralogical tests. Static testing 
work included NAG testing (Dold, 2017), carbon-sulphur 
analysis using an Eltra 2000 instrument at UTAS and 
Sobek testing at ALS Global (Brisbane; method code: 
EA013). The Microwave Assisted Thermal Energy 
(MATE) pH test developed by Noble et al. (2015) as a 
proxy for kinetic trials was performed on all sample 
powders (2.5 g; n=6) at UTAS, with the derived leachates 
filtered (<0.45 µm), acidified (1% HNO3) and analysed at 
the Central Science Laboratory (CSL), UTAS using an 
Element 2 HR-ICP-MS instrument with appropriate 
calibration standards, duplicates and blanks used.  

To determine column feed mineralogy sample splits 
were micronised and analysed using a benchtop Bruker 
D2 Phaser XRD instrument with a Co X-ray source. Each 
sample was analysed for 1 hour (fixed divergence slit: 1 
mm; range: 4-90° 2θ; 0.02° step size, Fe-filter), with the 
resulting patterns processed in Eva 2.1 and Topas 2.0 
softwares using the ICDD PDF 2012 database. Mineral 
liberation analysis was performed on splits of the same 
column feed material (n= 3) using a FEI Quanta 600 
mineral liberation analyser scanning electron microscope 
(MLA-SEM) at the CSL, UTAS. The X-ray modal analysis 
(XMOD) and sparse phase liberation (SPL) methods 
were selected to evaluate bulk mineralogy, pyrite grain 
size, grain shape, and mineral associations. A nickel 
standard was used. Data were processed in MLA Image 
Viewer to produce classified images for each sample 
based on a site-specific mineral library. 

The kinetic columns were prepared in accordance with 
the AMIRA P387A ARD Testing Handbook free draining 
column leach procedure and is the most commonly used 
method in Asia-Pacific (e.g., Qian et al., 2017). A nominal 
grain size of -4 mm was used. In summary, each Buchner 
funnel was loaded with a piece of coarse 160 mm filter 
paper, sand (to improve drainage; 100 g) and riffle split 
representative portions of waste rock (2 kg). Four 
columns (Types A, B, D and a control cell) were 
established and followed a weekly cycle (days 1-5: 
heating under 275 W lamps; end-day 5: irrigation using 
fresh deionised water; days 6-7: free draining). On 
average, 500 ml was added to the columns. Leachates 
drained into conical flasks at the base and were collected 
weekly on day 7 for water chemistry assessments. Each 
week pH (Mettler Toledo S47 SevenMulti™ dual 
pH/conductivity meter) and EC (Euitech PC 450) 
measurements were taken following instrument 
calibration. Every 4 weeks, the column leachates were 
filtered (0.45 µm PES Millipore filters) into pre-acidified 
(HNO3) 70 ml vials and sent to ALS Global (Brisbane) for 
chemical analyses (method codes: EG020F, ED041G, 
EG035F) with the following elements measured: As, B, 
Ba, Be, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Se, V, Zn and 

SO4. From weeks 55 onwards, additional leachates were 
collected for Ca and Mg analysis to assist with tracking 
the rate of neutralisation. The final six months’ worth of 
leachates were analysed at the CSL, UTAS using the HR-
ICP-MS instrument.   

 
Results and discussion 
 
Column feed characteristics  
 
For Type A the bulk mineralogy was dominated by 
magnesite (32 wt. %), quartz (22 wt. %), dolomite (17 
wt. %) and chlorite (10 wt. %) with only trace pyrite (0.2 
wt. %) and magnetite (< 1 wt. %). Detailed pyrite 
investigations reported a p80 of 260 µm with the largest 
particle size reported as 355 µm. In total, only 12 % of 
pyrite grains were liberated. Pyrite was associated with 
quartz (29 %), chlorite (27 %), magnesiohornblende 
(11 %), epidote (6%) and magnetite (5.5 %; Figure 1). 
Notably, smaller grains (i.e., < 100 µm) predominately 
associated with epidote. Only three pyrite grains were 
chalcopyrite associated, with no pyrite-carbonate 
associations.   

 
   
Figure 1. Mineral associations for locked pyrite grains observed in 
Type A, B and D waste materials as calculated by MLA-SEM.  
 

The mineralogy of Type B was dominated by albite (35 
wt. %), tremolite (18 wt. %), actinolite (15 wt. %) and 
chlorite (11 wt. %) with minor pyrite (1.15 wt. %) and trace 
magnetite (< 1 wt. %) also identified. Carbonates were 
present but only in trace concentrations (< 1 % dolomite 
(0.1 wt. %) and magnesite (0.14 wt. %)). Pyrite in this 
sample had similar properties to Type A with a p80 of 250 
µm and a maximum particle diameter of 355 µm.  12.5 % 
of pyrite was liberated and where locked, larger grains 
(i.e., > 100 µm) were albite (27.5 %), chlorite (21 %), 
antigorite (8.5 %) and magnesiohornblende (11 %) 
associated with magnetite (5.6 %) and epidote (5 %) 
associating with smaller pyrite grains (Figure 1). Only a 
few grains (< 10) were chalcopyrite associated, with 
again, no notable carbonate associations. The bulk 
mineralogy of Type D comprised of albite (25 wt. %), 
actinolite (19 wt. %), chlorite (18 wt. %) and tremolite (16 
wt. %). Type D had the greatest quantity of pyrite (1.3 
wt. %) but no measurable carbonates. Pyrite is present 
as large particles with a p80 of 550 µm and the largest 
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particle diameter of 600 µm measured.  Approximately 
10% of pyrite was liberated. Locked grains were 
associated with chlorite (48 %), albite (19 %), 
magnesiohornblende (13 %) and titanate (3 %; Figure 1).  

Using the locked pyrite association data, each 
calculated percentage was multiplied by the mineral 
relative reactivity factor (at pH 5) given in Sverdrup (1990) 
and totalled to give a final score. As an example, if pyrite 
was 100 % associated with dolomite which is assigned a 
factor of 1 i.e., immediately dissolving, a score of 100 
would be given. This could indicate that in a kinetic trial, 
the carbonates would rapidly dissolve in the initial weeks 
inducing pyrite liberation and a subsequent drop in pH 
may be observed. Conversely, if locked pyrite was 100 % 
associated with quartz classified as inert with a relative 
reactivity factor of 0.004, an overall score of 0.4 would be 
calculated and leachates evolved from a kinetic trial 
would be expected to be circumneutral for the duration of 
the test as pyrite liberation would be anticipated to occur 
at a very slow rate. By this calculation, these waste fall 
into the very slow weathering field, with Type D the most 
reactive due to its greater pyrite-chlorite associations 
(Figure 2). Considering all of these textural factors it is 
predicted that Types A and B will be NAF, whilst Type D 
leachates may be weakly acidic as 10% of pyrite is 
liberated with no measured carbonate.  

 
Figure 2. Relative reactivity of locked pyrite for Type A, B and D.  
 

MATE pH values supported these predictions with 
average values of pH 7.7, 6.7 and 5.7 measured 
respectively for Types A, B and D classifying them as 
NAF if a cut-off criterion of pH 4.5 (for PAF or NAF) is 
used. NAG pH values differed with pH 8.1, 7.5 and 4.1 
respectively measured classifying Type D instead as 
PAF. MATE pH leachates were classified as near neutral 
low-metal (Figure 3).  

 
Figure 3. Modified Ficklin plot (after Plumlee et al., 1994) showing 
metal pollution characteristics based on the relationship between pH 
and sum of dissolved metals for Types A, B and D. 
 
Kinetic trial results 
 
A comparison of pH data from each cell (Figure 4) 
confirms that all cells, including the control, are 
consistently NAF for the duration of the 156 weeks if the 
same PAF/ NAF criterion of pH 4.5 is used. It is noted 
though, that high flushing rates as mandated by the 
procedure can increase carbonate dissolution and in a 
real field condition, these may actually be lower. If 
adjusted to pH 6 then Types A and B would still classify 
as NAF, but Type D would on two occasions have 
classified as PAF. i Type A, which contains the highest 
reservoir of carbonates, is the least acid forming, 
however in the final six months similar pH values were 
measured from the Type B cell (Figure 4), showing that 
when dealing with low-carbonate, low-sulphide waste, 
silicate buffering (via chlorite most likely) can maintain pH 
in the NAF realm. In these trials, passivating layers (i.e., 
iron (oxy)hydroxyides doped with silicates and possibly 
sulphur/sulphate) on pyrite surfaces as described by Qian 
et al. (2017) are likely forming. However, to confirm this, 
surface chemistry analysis would need to be performed 
with Fe, O and Si specifically measured.   

 

 
Figure 4. Leachate pH values for Types A, B, D and a control cell 
measured weekly for 156 weeks. 

 
Measurements of dissolved sulphate (Figure 5) 

confirmed that Type A is the least acid generating, but 
surprisingly, Type B returns the highest quantities, which 
is consistent with it containing the highest liberated pyrite 
which also had the smallest p80 (250 um) of the three 
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types suggesting this liberated finer-grained pyrite was 
more susceptible to oxidation. Measurements for Type D 
were comparatively low and relate to the lower quantity of 
liberated grains and the high association with chlorite 
potentially encouraging the rapid formation of passivating 
layers. 

 

 
Figure 5. Dissolved sulphate (mg/L) for Types A, B, D measured 
weekly for 156 weeks. 
 

Dissolved Ca + Mg (Figure 6) measurements showed 
the highest quantities for Type B despite there being a 
much lower content of dolomite and magnesite relative to 
Type A and relates to the higher rate of sulphide oxidation 
(Figure 5). The lowest quantity was measured for Type A 
despite having the largest carbonate reservoir and likely 
relates to the fact that the least sulphide oxidation 
occurred here to generate acid for carbonate dissolution.   

   

 
Figure 6. Dissolved calcium + magnesium (mg/L) for Types A, B, D 
measured from weeks 54 to 156 only (ND= no data).  

 
Leachate chemistry data confirmed MATE pH 

classifications of low metals (Figure 3) with only Cu 
identified as a potential contaminant (avg. 0.006 mg/L 
Type A; 0.007 mg/L Type B and 0.006 mg/L Type D). 

   
Conclusions 
 
Three waste types from western Tasmania were 
subjected to column leach testing with the feed materials 
initially characterised using automated mineralogy and 
new chemical testing methods. Kinetic tests classified all 
three as NAF with Cu high in leachates. Type A is inert 
with a reservoir of dolomite and magnesite available for 
buffering acidity. Pyrite surface passivation reactions are 
occurring for Type B (enhanced by the presence of 
chlorite) and is likely to remain NAF. Pyrite in Type D is 
larger in diameter than other types but is encapsulated in 
silicates. Even if liberated, it will remain NAF as pyrite 
passivating layers appear to form rapidly. Further 

investigations into the chemical nature of the passivating 
layers and experiments to test their longevity are 
recommended to confirm their durability, and inducing 
such layers may be a key control when managing similar 
low-sulphide mine waste materials. This research 
highlights that many procedural biases exist when using 
standard kinetic test approaches and they do not reflect 
real field conditions (i.e., order of magnitude higher 
flushing rates experienced in the lab, increased mineral 
surface areas relative to in the field). Thus, continual use 
of new technologies, in the lab and field, focussed on 
understanding the insitu mineralogy (sulphides, 
carbonates and reactive silicates) over a size fraction and 
mineral texture will facilitate better understanding of 
waste characteristics and drainage chemistry enabling 
better environmental outcomes.    
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Abstract. Drainage emanating from sulfide tailings 
deposits can have widespread negative impacts on water 
quality. These impacts are generally associated with 
acidification or metal contamination resulting from sulfide-
mineral oxidation. This weathering process contributes 
sulfate, metals, and trace elements to associated pore 
water and drainage. Consequently, tailings management 
and reclamation strategies are often focused on limiting 
oxygen availability and reducing water infiltration to 
minimize the formation and migration of sulfide-mineral 
oxidation products. Dry covers and, to a lesser extent, 
water covers have been used for tailings management 
and reclamation at mining operations worldwide. 
Reactive tailings amendments intended to limit migration 
of sulfide-mineral oxidation products have also been 
studied. Although both positive and negative 
geochemical responses are possible, specific outcomes 
are often non-intuitive and long-term studies examining 
the performance of these and other tailings management 
strategies are often lacking. In this paper, we briefly 
discuss geochemical considerations for implementation 
of tailings management approaches. 
 
1 Introduction 
 
Long-term chemical mass loading from sulfide mine 
tailings can have significant and widespread negative 
environmental impacts. These impacts are largely 
associated with the oxidative weathering of sulfide 
minerals, which can generate plumes of acid mine 
drainage (AMD) or neutral mine drainage (NMD). 
Therefore, tailings management approaches are 
commonly focused on (i) limiting the formation of sulfide-
mineral oxidation products and (ii) minimizing the 
transport and discharge of these oxidation products. 
Johnson and Hallberg (2005) used the terms “source 
control” and “migration control” to describe options for 
AMD remediation, which includes both active and passive 
approaches. Similar approaches may be applied to 
manage the release and transport of dissolved metals 
and metalloids associated with NMD. Overall, tailings 
management approaches are intended to reduce 
contaminant source terms and associated mass loading 
to receiving environments. Here, we briefly review tailings 
geochemistry, discuss two passive tailings management 
approaches (i.e., tailings covers, reactive amendments), 
and consider potential geochemical implications 
associated with their implementation.    

 

2 Tailings geochemistry 
 
Tailings are commonly stored in near-surface deposits, 
where exposure to atmospheric oxygen and meteoric 
waters can promote sulfide-mineral oxidation. The 
oxidative weathering of pyrite [FeS2], pyrrhotite [Fe1-xS] 
and other sulfide minerals under these conditions 
contributes sulfate, metals, and associated trace 
elements to pore water and drainage (Lindsay et al. 
2015). Protons generated during this process react with 
carbonate minerals to maintain near-neutral pH 
conditions sometimes referred to as NMD. Although acid 
neutralization reactions involving carbonates and, to a 
lesser extent, metal hydroxides can inhibit or delay 
acidification, ongoing sulfide-mineral oxidation combined 
with carbonate depletion may lead to AMD formation.  

 

 
Figure 1. Pyrrhotite-bearing Au tailings in northwestern Ontario, 
Canada following deposition (top) and after one year of weathering 
(bottom). 
 

The pH of tailings pore water and drainage has 
important implications for sulfide-mineral oxidation, 
precipitation of secondary phases, and element mobility. 
Sulfide-mineral oxidation rates are dependent upon 
several factors including oxygen availability, pH, 
temperature, and mineralogy. Assuming O2 availability is 
not limited, oxidation rates are orders of magnitude higher 
at pH less than 5, where Fe(III) serves as the principal 
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oxidant. Under these conditions, O2 reduction coupled 
with Fe(II) oxidation becomes the rate-limiting step in 
suflide-mineral oxidation (Singer and Stumm 1970). 
Additionally, different sulfide minerals exhibit different 
susceptibility to oxidative weathering. Moncur et al (2009) 
developed a relative scale of weathering resistance for 
suflide minerals, with pyrrhotite being the least resistant 
and pyrite among the most resistant of sulfide minerals 
commonly found in tailings deposits. Consequently, 
pyrrhotite-bearing tailings often weather more rapidly 
compared to tailings dominated pyrite or other sulfide 
minerals (Fig. 1).  

Secondary phases are important controls on the 
transport of sulfide-mineral oxidation products within 
tailings deposits (Lindsay et al. 2015). Precipitation of 
Fe(III) (oxy)hydroxides and Fe(III) hydroxysulfates occurs 
within the oxidation zone, whereas hydrated Fe(II) 
sulfates may precipitate below the oxidation zone under 
anoxic conditions. The precipitation of these secondary 
phases is pH-controlled; ferrihydrite [Fe10O14(OH)2·nH2O] 
and goethite [αFeOOH] form at pH above 5, whereas 
schwertmannite [Fe16O16(OH)12(SO4)2] and jarosite 
[KFe3(OH)6(SO4)2] forming under more acidic conditions. 
Extensive precipitation of secondary phases can lead to 
the formation of cemented layers commonly referred to 
as hardpans (Blowes et al., 1991; Fig. 2). 

 

 
Figure 2. Thick accumulation of secondary Fe(III) (oxy)hydroxide 
and Fe(III) hydrosulfate phases in highly-weathered pyrrhotite-rich 
Zn-Cu tailings in western Manitoba, Canada. 

 
Ferrihydrite and schwertmannite are both metastable 

phases that transform to more crystalline phases over 
time. Ferrihydrite transforms to goethite under oxic 
conditions, whereas schwertmannite may transform to 
goethite or jarosite at pH below 3 (Acero et al. 2006). The 
formation and transformation of these secondary Fe(III) 
phases has important implications for the transport of 
potentially hazardous elements. Specifically, Cruz-
Hernández et al. (2016, In Press) demonstrated that 
schwertmannite transformation to goethite and jarosite 
can lead to As, Cu, and Zn release.  

Cationic metals (e.g., Cu, Ni, Zn) generally occur at 
higher concentrations and exhibit greater mobility in AMD 

systems. Co-precipitation with Fe(III) (oxy)hydroxides 
(i.e., ferrihydrite, goethite) often limits Cu, Ni, and Zn 
concentrations at pH above 5. Consequently, hardpan 
layers comprised of Fe(III) phases are often contain high 
Cu, Ni, and Zn contents. In contrast, oxyanion-forming 
elements (e.g., As, Mo, V) often occur at elevated 
concentrations in neutral to alkaline pore water and 
drainage due to the limited sorption capacity of Fe(III) 
(oxy)hydroxides under these conditions. Incorporation of 
various elements (e.g., As, Cu, Ni, Pb, Zn) into Fe(III) 
hyrdoxysulfates (i.e., schwertmannite, jarosite) may also 
limit their mobility under acidic conditions. Similarly, the 
hydrated Fe(II) sulfate melanterite [FeSO4∙7H2O] can 
contribute to Cu, Ni, and Zn attenuation within highly-
weathered sulfide tailings (Moncur et al. 2005).  

 
3 Tailings Management 
 
Although other passive tailings management approaches 
exist, we have focused on cover systems and reactive 
amendments for the purposes of this paper. 
 
3.1 Cover systems 
 
Despite many design variations of varying complexity 
(INAP 2017), tailings covers generally fall into two 
categories: dry covers and water covers. Dry covers are 
designed limit oxygen and water fluxes to underlying 
mine wastes, and can also reduce erosion and support 
plant growth (Fig. 3). These covers may be constructed 
from soils, sediments, geosynthetics, or a combination of 
these materials. Non-reactive mine wastes may also be 
used for cover construction in locations where the 
availability of other materials is limited (e.g., Demers et 
al. 2008). 
 

 
Figure 3. Revegetated dry soil cover over weathered pyrrhotite-
bearing Ni-Cu tailings in central Ontario, Canada (top) and 
groundwater seepage at base of this tailings dam (bottom). 
 

Similarly, water covers are used to limit oxygen 



 

1599 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

availability and, therefore, sulfide-mineral oxidation, acid 
generation, and metal leaching within. Water covers may 
be implemented through subaqueous disposal into 
freshwater or marine environments, or by flooding tailings 
in purpose-built impoundments (MEND 2018). Moncur et 
al (2015) reported that pyrrhotite-rich tailings stored for 
over 60 years under a 1-m water cover exhibited little 
evidence of oxidation compared to unsaturated areas of 
the same deposit (Fig. 4). Pore water within these 
subaqueous tailings was characterized by near-neutral 
pH and low dissolved metal concentrations, whereas the 
unsaturated tailings contained low pH pore water with 
extremely high dissolved Fe and SO4 concentrations.  
However, ongoing oxidation and tailings resuspension 
are potential limitations for water cover use and have 
been reported at other mine sites (e.g., MEND 2018).  

 

 
Figure 4. Revegetated dry soil cover over weathered pyrrhotite-rich 
Zn-Cu tailings in western Manitoba, Canada. 

 
3.2 Reactive Amendments 
 
Organic matter amendments including brewery waste, 
municipal biosolids, and pulp mill waste have been shown 
to promote sulfate reduction and metal attenuation within 
sulfide tailings (e.g., Hulshof et al. 2006; Lindsay et al. 
2009). With this approach, sulfate reducing bacteria 
couple carbon oxidation with sulfate reduction to form 
H2S and CO2. Associated precipitation of Fe-S and Zn-S 
phases can limit migration of sulfide oxidation products 
including Fe, Zn, and associated trace elements. Lindsay 
et al. (2009) reported decreases in dissolved Fe and Zn 
concentrations of 25% and 60%, respectively, after four 
years in pyrite-rich Ag-Zn-Pb-Au tailings amended with 
brewery waste and municipal biosolids (Fig. 5). Other 
reactive amendments (e.g., fly ash, lime) have been used 
to promote metal attenuation through acid neutralization. 
 
 

 

Figure 5. Dry-stacked pyrite-rich Ag-Zn-Pb-Au tailings used to test 
organic carbon amendments in southeast Alaska, USA. 
4 Geochemical Considerations 
 
Despite their intent to reduce chemical mass loading, 
tailings management approaches can have unintended 
geochemical implications. In particular, management 
approaches intended for (partially-)weathered suflide 
tailings should be carefully considered. 

Although dry covers can effectively reduce sulfide-
mineral oxidation rates and the transport of associated 
reaction products, their use on (partially-)weathered 
tailings could promote transformation of metastable 
phases or metal mobilization. For example, the 
development of reducing conditions in tailings below soil 
covers may promote mobilization of Fe, As, and other 
elements. Paktunc (2013) found that organic carbon 
contributed by a biosolids cover promoted Fe and As 
mobilization in underlying tailings due to reductive 
goethite dissolution and reduction of As(V) to As(III). The 
transport and discharge of Fe, As, and other elements 
can lead to downgradient acidification and contamination 
(Fig. 3). In contrast, DeSisto et al (2017) reported that a 
low organic carbon soil cover did not promote As 
mobilization in underlying tailings; however, oxygen 
penetration limited development of reducing conditions 
and did not prevent sulfide-mineral oxidation. 

 

 
Figure 6. Small boreal lake in western Manitoba, Canada following 
deposition of weathered pyrrhotite-rich Zn-Cu tailings. 

 
Application of water covers to weathered tailings may 

also have unintended consequences. Dissolution of 
water-soluble secondary phases could lead to extensive 
acidification and metal contamination. For example, 
highly-weathered Zn-Cu tailings, which contained large 
amounts of melanterite, jarosite, and gypsum 
[CaSO4∙2H2O] were deposited in a small boreal lake as 
part of an abandoned mine reclamation plan. This lake 
was subsequently dosed with quick lime to neutralize pH 
and limit dissolved metal concentrations. Metal 
attenuation was achieved via (co‐)precipitation of Fe(III) 
phases (Fig. 5), which ultimately settled to the lake 
bottom. Although low dissolved metal concentrations 
were achieved, the long-term stability of the metal-rich 
sediments remains unknown, particularly in the presence 
of natural organic matter inputs from the surrounding 
watershed. 

Reactive amendments may also have unintended 
geochemical implications for tailings management. 
Despite promoting extensive attenuation of Fe, Zn, and 
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SO4, Lindsay et al. (2011a) observed temporary 
increases in pore water Fe and As concentrations during 
the development of reducing conditions associated with 
organic amendments. These initial increases were 
proportional to organic carbon availability, with higher 
amendment rates producing higher dissolved Fe and As 
concentrations (Lindsay et al. 2011b). Dissolved Fe and 
As concentrations declined with time due to sulfate 
reduction and metal-suflide precipitation. 
 
5 Summary 
 
Tailings management strategies are generally intended to 
minimize the production and migration of sulfide-mineral 
oxidation products. Although this paper only touches on 
a few examples, changing geochemical conditions 
resulting from organic matter addition, subaqueous 
disposal or flooding, and associated pH changes can 
have both positive and negative implications. Therefore, 
it is critical that detailed geochemical investigations be 
undertaken when considering various options for tailings 
management.  
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