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Executive Summary 

Closure issues vary depending on the mining method, creating different biophysical challenges on the 
surface and underground. In turn, mining methods depend on the geology of the ore deposit, which itself is 
defined by regional characteristics, such as morphology and plate tectonics, etc. For industry operators 
considering new projects, closure should be an important factor in developing the mine plan but is often 
subordinate to other factors. The mining method is often selected based on pre-feasibility studies and there 
is limited ability to change the operational characteristics once implemented. If the ability to close the mine, 
re-use the landscape and contribute to the community are to become driving factors in the selection of the 
mining methods and subsequent mine operations, then they should also be carefully considered in the early 
decision makings. 

Novel mining methods have been proposed for zero-entry and invisible mining that leave waste in-place and 
reduce ore movement. Since these methods require the use of alternative technologies, such as robotics, 
leaching, and efficient cutting, they will introduce a different set of biophysical issues that will affect the 
closure and post-mining land use. The potential benefits may be outweighed by their risks, or they may 
produce a new set of opportunities for closure at a lower cost and with minimal biophysical risks. 

Using desktop studies, workshops, and interviews with member company representatives, this project aimed 
to identify, compare and contrast biophysical impacts on post-mining land use for these In-place Mining 
methods relative to more traditional mining methods. Opportunities to further develop new mining methods 
that enable alternative closure options have also been identified and discussed. 

This project aimed to compare the biophysical closure impacts for conventional and novel, mining methods. 
The project aimed to identify if the new methods, especially in-place mining, support a business case for 
closure that transforms the industry towards adopting new mining approaches. The research question 
hypothesized that the proposed new methods would modify and preferably reduce the closure issues 
relative to conventional mining methods, which often require large open pits, voids underground, and large 
tailings footprints. As a result, there will be a benefit to the mining industry and regional communities to 
further develop these methods into practical operational solutions. 

This report is the main deliverable from this project. It presents a comparative matrix that compares and 
contrasts the biophysical impacts of novel mining approaches with the more traditional mining methods 
(e.g., open-pit mining, underground stope mining, and cave mining) as they affect closure and post-mining 
land use. The report highlights the current problems, identifies transformational opportunities, and 
determines future CRC TiME activities that could enable mining methods with improved closure outcomes. It 
is expected that the report enhances the understanding of current knowledge on the relationship between 
mining methods, closure, and post-mine land use. The outcome of the study suggests that knowledge of the 
biophysical risks is highly siloed and experience in one method does not assist in understanding risks in 
others. Understanding of the novel mining methods outside of Mining3 and its partners is limited and so it is 
difficult for others to comment on or identify opportunities and risks for closure. The potential for risk 
reduction and improved closure remains. Future research requires theoretical studies using digital twins that 
develop these methodologies and follow the whole Life of Mine process to final closure to evaluate and 
identify the full suite of new biophysical risks and opportunities. 
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1 Introduction 

Conventional thinking for mines of today is that processing plant recovery rates of over 90% are required to 
cover the high costs of mining large quantities of gangue, and milling materials which contain a significant 
amount of waste (Gupta & Yan, 2016; Hartman & Mutmansky, 2002; King, 2001). Moving and processing 
rock to extract a small percentage of valuable metal represents around 90% of energy and 80% of the total 
production costs in mining (Jeswiet & Szekeres, 2016; Powell & Bye, 2009) and can be environmentally 
disruptive due to the required footprint for processing and storing the waste material (Hartman & 
Mutmansky, 2002). Large scale gangue movement and treatment increases operating costs and requires 
higher cut-off grades requiring mining methods that produce economies of scale (Hustrulid & Bullock, 2001; 
Hustrulid, Kuchta, & Martin, 2013). To change the closure outcomes and post-mining land use, mining 
methods should have a small surface footprint, reduced tailings generation, reduced energy from 
comminution and transport, reduced entry and development, high automation, a low capital intensity and 
high return on sustainability investment (Batterham, 2017; Hodgkinson & Smith, 2021; Martens et al., 2021; 
Mousavi & Sellers, 2019). With declining ore grades and the need to mine deeper and more complex ore 
bodies (Mousavi & Sellers, 2019; Rutter, 2017; Walters, 2017), new methods that apply modular automation, 
reduce rock movement, mine more selectively and emphasise long term value can potentially provide 
improved closure outcomes. The conventional methods lead to large open pits, underground voids and large 
tailings footprints which are difficult to manage for any potential post-mining land use. 

This project aims to compare the closure options for conventional and a series of novel, mining methods that 
have been categorised by Mining3 as in-place mining (Mousavi & Sellers, 2019; Rossien, 2018). Three 
methods are discussed. Firstly, In situ recovery is well known and used for uranium (Sarangi & Beri, 2000), 
copper, and gold (Kuhar, Breuer, Robinson, & McFarlane, 2015; Kuhar, Breuer, Haque, & Robinson, 2018; 
Sinclair & Thompson, 2015) and other minerals (Seredkin, Zabolotsky, & Jeffress, 2016). The novelty is 
provided by recent advances in the lixiviants that are required to extract the ore. New chemicals such as 
glycine, thiourea, etc. (Ahn, Barton, Shin, & Lee, 2018; Zhang, Cui, Wang, Liu, & Lyu, 2022) as well as 
biological processes (Ghorbani, Becker, Mainza, Franzidis, & Petersen, 2011; Pradhan et al., 2005) potentially 
enable mining by being less aggressive to equipment and the environment. Secondly, In-Mine recovery 
(Bahamòndez, Castro, Vargas, & Arancibia, 2016; Bahamóndez. Honores, 2014; Mousavi & Sellers, 2019; 
USBM, 1994) takes in-situ recovery into hard rock mining by creating broken rock silos underground by 
blasting using conventional (Sellers & Salmi, 2020) or unconventional techniques (Ladinig, Wagner, 
Bergström, Koivisto, & Wimmer, 2021). Finally, the case of In-Line Mining uses cutting machines (Vogt, 2016) 
to selectively extract or/and sort waste from ore close to the face (see Figure 1). The project identified if the 
new methods support a business case for closure that transforms the industry towards new approaches. The 
main research question was to identify how proposed new methods will modify and alter, preferably reduce, 
the closure issues relative to conventional mining methods. 
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Figure 1: Innovative mining methods (in-situ, in-mine, & in-line mining) (Adopted from Mining3 (2017)) 

The objectives are to understand what knowledge exists on the relationship between mining methods, 
closure, and post mine land use. The first step is to categorise conventional mining methods to identify and 
evaluate their individual closure challenges. Then, the novel mining methods are considered to identify 
opportunities to change closure options and highlight their own closure challenges. 

The project was planned to be conducted as a desktop study supplemented by workshops and interviews 
with experts identified from CRCTiME partner organisations. These included academics as well as industry 
and government representatives. Due to limited opportunities to organise workshops at that stage of the 
pandemic, the data gathering was pivoted to a survey of experts who expressed interest. The foundational 
project quantifies these issues where possible with real-life examples of good and bad practices from 
literature and the mining government and METS partners. 

The project deliverable is this report presenting a comparative matrix that compares and contrasts the 
biophysical impacts of novel mining approaches to more traditional mining methods as they affect closure 
and post-mining land use. This report highlights the current problems, identifies transformational 
opportunities, and presents future CRC TiME activities that can enable mining methods with improved 
closure outcomes. 
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2 Background Studies 

A wide range of environmental and social impacts emerges both during and after mining operations, 
including communal contamination of soil and water (e.g., acid mine drainage), pollution of the local and 
regional air (Sango, Taru, Mudzingwa, & Kuvarega, 2006). An important factor that must be considered in the 
mine closure is to design a closure plan to ensure continued livelihood for the local community through 
diversification and community empowerment (World Bank 2005). Although the mining industry strives for 
efficient technological advancements and innovation in mining techniques, the actual contribution of these 
techniques to the prevention of environmental and social impacts must also be carefully investigated (Vela-
Almeida, Brooks, & Kosoy, 2015). 

Closure issues vary depending on the mining method, creating a unique set of biophysical challenges on the 
surface and underground. On the other hand, mining methods depend on the geology and to some extent 
the geo-mechanics of the ore deposit and the surrounding rocks (ISRM, 2008) (see Table 1). Typically, the 
method is selected based on pre-feasibility studies (Mackenzie & Cusworth, 2007; Nicholas, 1981, 1993; Saki, 
Dehghani, Jodeiri Shokri, & Bogdanovic, 2020) and changes are limited once implemented due to the capital 
invested into the equipment, layout, and mine design along with the investment cases identified. 

Table 1: Mining method selection based on the geological & geotechnical characteristics of deposits (ISRM, 
2008) 

 

If the environmental impact of the mining (ISRM, 2008; Samimi Namin, Shahriar, & Bascetin, 2011), the 
ability to close the mine, re-use the landscape and contribute to the community are to become driving 
factors in selecting the mining method and mine operations, then they should also be considered earlier in 
the decision-making to improve the sustainability of the mining method and to reduce the environmental 
footprint of the mining. Currently, no consideration is given to biophysical challenges with typical criteria for 
mining method selection (Ataei, Jamshidi, Sereshki, & Jalali, 2008; Bitarafan & Ataei, 2004; Bogdanovic, 
Nikolic, & Ilic, 2012), as listed in Table 2. Including the biophysical legacy issue as a more relevant factor in 
the feasibility studies is an initial step for making mining more sustainable in the long term (Samimi Namin et 
al., 2011). 
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Table 2: Some common criteria are used for the selection of mining methods (Ataei et al., 2008; Baloyi & 
Meyer, 2020; Bitarafan & Ataei, 2004; Bogdanovic et al., 2012) 

CN CRITERION DESCRIPTION 
C1 The thickness of the orebody  
C2 Dip  
C3 Shape  
C4 Strength of the ore UCS or PLi tests 
C5 Strength of the hanging wall UCS or PLi tests 
C6 Strength of the footwall UCS or PLi tests 
C7 Structures and integrity of the ore Can be sown by RMR, Q, MRMR, and GSI 
C8 Structures and integrity of the hanging wall Can be sown by RMR, Q, MRMR, and GSI 
C9 Structures and integrity of the footwall Can be sown by RMR, Q, MRMR, and GSI 
C10 Depth  
C11 Grade distribution  
C12 Potential subsidence impacts  
C13 Technology  
C14 Expected recovery  
C15 Ore uniformity  

 

Moving and processing rock to extract a small percentage of valuable metal represents over 90% of energy 
and 80% of the total production costs in mining (Anon, 2007; Powell & Bye, 2009; Wang, Nadolski, Mejia, 
Drozdiak, & Klein, 2013) (see Figure 2). This inefficient consumption of energy can be environmentally 
disruptive due to the required footprint for processing and storing the waste material (Jeswiet & Szekeres, 
2016). Large scale gangue movement and treatment drive operating costs and set higher cut-off grades that 
require the mining methods to produce in an economy of scale (Hartman & Mutmansky, 2002; Hustrulid et 
al., 2013). 

 

Figure 2: Split of the energy used in mining operations (adopted from Powell and Bye (2009) with the 
permission of the author – Also originally credited to Anon (2007)) 
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To address the large footprint of current methods, novel mining methods have been proposed (Mining3, 
2017; Mousavi & Sellers, 2019; Rossien, 2018; USBM, 1994). The main consideration required for 
transformational methods are encapsulated into methods that have reduced operational costs, zero-entry, 
invisible mining that leaves waste in-place, and reduces ore movement and processing. Since these methods 
require the use of alternative technologies, such as robotics, leaching, and cutting, they may introduce a 
different set of biophysical issues that may affect closure and post-mining land use. Therefore, there is a 
need to close the gap and quantify the biophysical impact of different mining methods, especially of any 
future mining method. Given the mine of the future will likely be very deep and targeted, they must have the 
minimum footprint, much lower energy requirements, and will only bring to the surface the primary 
products required by an increasingly circular economy (Batterham, 2017). 

Mining companies are progressively exposed to ESG (environmental, social, and governance) risks. This 
contains concerns related to emissions, water use, deforestation, and community relations. The term ESG 
encompasses a broad range of topics, some of the main ones include, but are not limited to (Blunt, Davies, & 
Hewitt, 2020; Walker, 2022): 

• Environment: climate change, biodiversity, waste, water and resource use, pollution 

• Social: human rights, labour practices, safety, health, community, diversity 

• Governance: corporate governance, ethics, compliance, executive pay, diversity, lobbying, approach 
to taxation 

ESG reporting obligations and institutional and other investors interested in such matters are rapidly 
increasing all around the world. They are keen to know what actions are taken in this area. Alongside these 
developments, actual and perceived non-compliance with ESG regulations and best practices have 
engendered activist shareholder protests and class action litigation against the parent companies of global 
mining groups (Blunt et al., 2020). 

ESG and the associated problems are not new to the mining industry. Since the beginning of this century, the 
mining sector has been moving toward greener and more sustainable approaches and technologies. ESG has 
brought together all these themes in a comprehensive framework. The aim is to help the mining companies 
successfully navigate and balance the benefits to the planet, people, and profit (Walker, 2022). 

ESG has come to the forefront primarily through investors demanding increased attention on environmental, 
social, and governance-related issues. Investors are starting to look beyond financial statements and now 
want to consider the ethics, competitive advantage, and culture of a mining organisation. New standards 
and frameworks have also been developed against which mining investments should be measured (Walker, 
2022). The new ESGs also direct that no new mine will be opened unless there exist decent and well-
designed plans for the mine closure and for post-mining land use. 

The social license to operate is a key factor in mining. For example, the revolution that closed Bougainville 
Copper operations in 1989 showed that withdrawal of the public license to operate can take extreme forms. 
The Government Moratoriums may also occur for some operations. Such as Legislation for fracking 
moratorium and prohibition on underground coal gasification operations in some states (Batterham, 2017). 

Understanding the stakeholders is a critical factor in maintaining the public license to operate. However, this 
can be a complex problem to address (see Figure 3). Stakeholder engagement is a continuous part of an 
effective sustainability strategy and stakeholder engagement is a key and an ongoing part of all mining 
operations (Batterham, 2017). 
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Figure 3: Challenges and complexities in engaging stakeholders (adopted from (Batterham, 2006; 
Batterham, 2017) with the permission of the author) 

Bearing in mind the new ESG risks and challenges for the mining operations, mining companies have started 
thinking about new mining methods that can reduce the environmental footprints of the operations. Such 
innovative mining methods can also reduce the capital costs, the amount of development and subsequently 
shift the cutoff grade toward much smaller values. Implementing these revolutionised mining methods (e.g. 
in-situ and in-mine recovery) can unlock access to a significant amount of resources that their extraction was 
not feasible through the conventional mining methods (Batterham & Robinson, 2019; Mousavi & Sellers, 
2019; Rossien, 2018). This not only can significantly affect the environmental problems related to mining but 
can also improve the life of mine and the associated social-economic problems of the communities close and 
engaged in the mining activities (Robinson & Kuhar, 2018). 

A wide scope of ecological and social effects arises both during and after mining activities. A couple of 
models incorporate the annihilation of the normal scene, neighborhood vegetation, and natural 
surroundings. This comes full circle into the loss of biodiversity. Others incorporate the defilement of soil and 
water, contamination of the neighborhood and territorial air, the hardship of arable and pastureland, 
impingement of human wellbeing and security including outrageous instances of death and the making of 
phantom towns and forsaken scenes ((Tilton, 1996);(Crowson, 1998);(Young, 1992)). The mining business 
has shown it is pivotal in the social framework at local and global levels. Nevertheless, the hopeful image of 
the mining business in creating benefits is vulnerable to risks and flawed communication. These risks 
incorporate political and social precariousness, mineral asset consumption, ecological and wellbeing hazards, 
and, in particular, the changing micro-and macro-economic conditions which can make the asset extraction 
troublesome, expensive, and unviable. A few mines may close leaving the neighborhood local area helpless 
against antagonistic social and natural effects. Tilton (1996) proposes that the exhaustibility of mineral 
assets comprises the fundamental guideline of preservation in mining plans. On closure, the environmental 
management challenge for the mining operator is to reestablish the land to its original land use. 
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The critical commitment of mining and the mineral area towards the advancement of the neighborhood and 
public economies overall is certain. Mining operations have been providing key development inputs into 
communities. Examples of inputs include social services, infrastructure, and employment. The high levels of 
industrial and overall economic development achieved in Western Europe, North Eastern USA, and the Rand 
region of South Africa are partly attributable to the mining industry ((Solomon, 1999);(Viewing, 1982);(Bank, 
1992)). Whilst the indicators of economic growth associated with mining are easy to measure and 
appreciate, the question remains: to what extent is the mining sector an effective driver of sustainable socio-
economic development and environmental management at the local level? This is a cause for concern, 
particularly, during the post-mine closure era. In other words, to what extent does a given mining operation 
contribute towards the continued sustainable existence and development of the local community, 
particularly after the eventual closure of the mining operation? 

A list of sustainability indicators from the United Nations Conference on Environment and Development 
(UNCED) held in Rio de Janeiro, Brazil, from June 3 to 14, 1992 was discussed at (Robinson, Hassan, & 
Burhenne-Guilmin, 1992) and are summarised in Table 3. 

Measuring the performance of sustainable development is a challenging problem and should be approached 
from different levels. Batterham and Mandagie (2003) suggested using a hierarchical approach to consider a 
systematic view in analysing sustainable development. There are several metrics and systems available 
aiming at the measurement of sustainable development performance and progress. However, most of these 
methods can be roughly categorised into five levels in a hierarchy which ranges from global through to 
individual activities which include: 

• Level 1: Global Objectives 

• Level 2: Industry Strategy 

• Level 3: Enterprise Target 

• Level 4: Specific Project 

• Level 5: Individual Actions/Measured Outcomes 

Batterham (2006) proposed a few approaches that can be used for the measurement of sustainable 
development (see Figure 4). 
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Table 3: United Nations working list of indicators of sustainable development (Adopted and slightly 
modified from Robinson et al. (1992)) 

CLASS SUSTAINABILITY 
DIMENSION INDICATOR 

1 Social 

Percentage of population living below the poverty 
Gini’s index for income inequality 
Unemployment rate 
The ratio of average female wage to male wage 
Poverty gap index 
Net migration rate due to the mine openings 
Number of persons trained by total population between 20 to 30 years 
Total budget for building social capital/total budget allocated for mine 
rehabilitation 

2 Health 

Morality rate below 5 years 
Life expectancy at birth 
Percentage of population with free access to the primary health care center 
Number of doctors per 10,000 population 

3 Education 

The primary school enrolment rate 
The secondary school enrolment rate 
Adult literacy rate 
School dropout rate 
Percentage of tax collected from mining companies spent on primary and 
secondary education with breakups 
Distance of college from villages 
Total budget for building human capital/total budget allocated for mine 
rehabilitation 

4 Groundwater 

Annual withdrawal of ground surface water as a percentage of total available 
water 
The concentration of Faecal Coliform count in drinking water 
Domestic consumption of potable water per capita 
Domestic consumption of water for daily per capita 
Biochemical oxygen demand in water bodies 
Number of months water bodies (pond, well and tube well) run dry 
Size of recharge lagoon created for recharge of aquifers 
The extent of groundwater aquifer recharge by rainwater harvesting 
Annual water drawn in dry seasons from rainwater harvesting facilities 
created near a mine site 
Quantity of surface runoff stored/total surface runoff from mine watershed 

5 Environment 

Ecological footprint/mine area 
Dump area rehabilitated naturally/dump area rehabilitated by scientific-
technical and biological reclamation techniques 
Excavation area/area backfilled 
Excavation area/area backfilled and agricultural established 
The backfilled area brought to some land use in consultation with 
stakeholders/total backfilled area 
The area used for water storage/excavation area 
The ratio of number of native species used for afforestation/number of 
exotic species used for plantation 
The overall survival rate of planted trees 
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95 Percentile value of environmental parameters/Standard values either 
stipulated by government or expert knowledge 
Mean value of environmental parameters/Standard values either stipulated 
by government or expert knowledge 
The ratio of water flow in the surface/(mine water pumped + surface flow 
due to rainfall) 
The ratio of air quality at the working zone and outside the green belt area 

6 Community 
development 

Total village trained/number of adults in the village 
Number of SHG functioning in the area 
Number of loans provided by banks for SHG and entrepreneurship 
development 

 

Figure 4: Some available measurement methods for Sustainable Development (adopted from (Batterham, 
2006; Batterham & Mandagie, 2003) with the permission of the author) 

Several studies have also evaluated the local impacts and the biophysical variables with biotic and abiotic 
components. Different local biophysical variables were considered to quantify the impact of the mining 
method used. For example, Blanchette and Lund (2017) have only considered the implications on the water 
in rivers while Firozjaei et al. (2021) recommend considering land-use and land-cover (LULC) impact from 
mining using the surface biophysical characteristics notably changes in the pattern of vegetation cover and 
land surface temperature. 

When measuring the closure outcomes and impacts, consultants will compare impacted sites to a ‘reference 
site’ that is broadly perceived as having desirable conditions, processes, and outcomes with which to 
compare impacted sites. Generally, reference sites co-occur with disturbed sites, yet are unimpacted and 
retain the ‘naturalness’ of the biota (Stoddard, Larsen, Hawkins, Johnson, & Norris, 2006). However, this 
approach can be perceived as flawed by creating impossible or unrealistic targets for miners seeking to close 
rehabilitated lands. For example, many systems are so heavily modified that co-occurring unimpacted sites 
do not exist (Chessman & Royal, 2004). 
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The first question in this study is to define and identify the relevant biophysical issues. Sango et al. (2006) 
investigated the biophysical criteria associated with mine closure which include landscape/land quality, state 
of vegetation/fauna, state of the soil, water resource quality, air quality, state of arable/pastureland, 
environmental quality of the residential compounds and health and safety, and risks. Table 4 provides an 
overview of the main biophysical impacts prevailing at the study sites considered in the study by Sango et al. 
(2006). There are signs of environmental degradation at each site. These impacts can generally be described 
as severe when considering the high degree of dereliction at almost all the sites. One of the main concerns is 
the alteration of the land surface which is in the form of excavation, dumped rock waste, or a concentration 
of scrap equipment and concrete pavements. Consequently, vegetation, soils, fauna, and drainage are 
adversely affected with no rehabilitation work being observed on the ground. 

Table 4: Example of selected biophysical impacts at the study sites investigated by (Sango et al., 2006) 

SITE NAME QUADRAT 
PERCENTAGE 
VEGETATION 

COVER 

NUMBER 
OF SPECIES 

SOIL DEPTH OR 
QUALITY 

WATER 
QUALITY 

Open Pit 
1 10 8 0.2 m - 
2 55 18 1.2 m - 

Leach plant 
1 5 6 Gravel and stone Contaminated 

with acid 
2 30 11 Gravel Contaminated 

Processing 
mill 

1 15 9 Oil/Acid Leach Contaminated 
2 21 17 1.4 m - 

Tailings 
1 40 11 Rock silt Silted/Acid 

Contaminated 
2 70 20 1.4 m Contaminated 

Slime dams 
1 30 6 Slime material Silted/Acid 

Contaminated 
2 70 20 Silt Contaminated 

 

The Mine Closure handbook (Anon, 2016a, 2016b) suggests that the mine closure criteria can be defined as 
rehabilitation performance objectives. They denote markers in the biophysical processes of rehabilitation 
that offer full assurance that the rehabilitated mine site will ultimately reach the planned sustainable stage. 
The mine closure criteria are to be SMART (Specific, Measurable, Achievable, Realistic, Timely), be outcomes-
based and linked to the end land use, be flexible to adapt to changing circumstances, evolve as the LoM 
progresses, include environmental indicators suitable to demonstrate that rehabilitation is trending 
positively, undergo periodic review and include a measurement approach that details how the criterion will 
have been met. Completion criteria need to be specific to circumstances (social, environmental, economic, 
and site-specific). For example, criteria developed to meet a landform rehabilitation objective are developed 
with knowledge of the waste characteristics, and appropriate analogs are selected based on soil types. 

Mining development has generated a range of positive cumulative impacts at the local and regional scales, 
such as local business development, employment, and the provision of services and infrastructure (Hartman 
& Mutmansky, 2002). However, accompanying these benefits are potentially far-reaching impacts that are 
challenging traditional regulatory and management responses, including increased airborne dust and 
pollutants, effects on water quality from mine site discharge, visual amenity impacts, land-use conflict, 
particularly about high-quality agricultural land and urban fringes, loss of biodiversity and impacts on 
ecosystem services. A list of typical issues, consequences, and options for reducing impacts is presented in 
‘Appendix 1: Issues, consequences, and options for reducing mining closure impact for a general 
application‘. In addition to the impact listed in this appendix, the Mine Closure and Completion (Bell et al., 
2006), suggest that a closure plan is a progressive rehabilitation plan which ensures: the post-mined 



 
Final Report 3.7 | Comparative Closure: Assessing the biophysical closure challenges of different mining methods 

19 

landscape is safe and is stable from physical, geochemical, and ecological perspectives, the quality of the 
surrounding water resources is protected, the agreed sustainable post-mining land use is established and 
clearly defined to the satisfaction of the community and government, success criteria are agreed with 
relevant stakeholders, monitored and reported to stakeholders. 

The development of a mining operation, including associated processing facilities and infrastructure, usually 
involves the permanent alteration of existing landforms, disturbance to vegetation and flora, disruption of 
fauna habitats, hydrological impacts, and potentially some level of contamination Table 5. 

Table 5: Usual biophysical alteration caused by mining (Courtesy of Bell et al. (2006)) 

TYPE OF 
ALTERATION DESCRIPTION 

Topography 
and landform 

Temporary changes to the existing topography 
from mining operations include access and haul roads, laydown 
and hardstand area, topsoil stockpiles, process plant site, and support 
infrastructure. Permanent changes include open-pit void, waste rock dumps, 
and tailings storage facilities. 

Flora and 
vegetation 

Direct impacts on flora and vegetation communities will mainly occur through clearing 
for the mine, waste rock dumps, processing plant, tailings storage facility, and associated 
infrastructure. 

Fauna 

The impact of mining on fauna can generally be described as either primary or 
secondary. The primary impact of mining on fauna is the direct destruction of habitats 
through land clearing and earthmoving activities. Secondary impacts relate to activities 
with varying degrees of disturbance beyond the immediate point where mining is taking 
places, such as access and haul roads, powerlines, pipeline corridors, and other 
infrastructure, feral animals, and general workforce activities. 

Surface water 
hydrology and 
groundwater 

The development of the open pits, stockpiles, waste rock dumps, tailings storage 
facilities, processing plants, and infrastructure often interrupt some of the natural 
drainage paths. Interference with drainage patterns may result in deprivation of water 
to drainage systems downstream of the mining developments or localised ‘shadowing’ 
effects on some vegetation which may be reliant on intermittent flows. 

Soil and water 
contamination 

Chemical reactions in waste rock and tailings have the potential to be detrimental to 
plant growth and can result in contamination of both surface and groundwater. In 
addition, mining and processing operations transport, store and use a range of 
hazardous materials including fuels, process reagents, lubricants, detergents, explosives, 
solvents, and paints. If these materials are not properly managed, they may have the 
potential to cause atmospheric, soil, or water contamination and could potentially pose 
ongoing risks to human health and the environment. 

 

Managing closure risk is an integral part of mine planning and management, and a risk management system 
can enable an operation to identify the risks and develop controls associated with sustainable mine closure 
and achievement of mine completion. The elements in Figure 5 constitute the basis for the risk assessment 
and establishment of the closure plan that will contain the risk controls. 
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Figure 5: Mine closure risk assessment flowsheet (Adopted and modified from Bell et al. (2006)) 

An effort to standardise closure evaluation was tried across Australia. Aiming to diminish the biophysical 
impact of mining, closure rehabilitation legislation has been put into place in most regulatory environments 
in Table 6. 

Table 6: Rehabilitation and closure guidelines for Australian jurisdictions (Adopted from Blommerde, 
Taplin, and Raval (2015) with the permission of the author) 

 

As raised by Glenn et al. (2014), there are multiple facets in the mine closure and rehabilitation process that 
make lease and bond relinquishment difficult or even unattainable. It has been asserted that, generally, the 
guidance for mine closure and rehabilitation in Australia is inadequate for mining companies on 
rehabilitation goals, plans, and monitoring systems. A part of the gap in regulation and closure is the 
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challenge related to quantifying impact not based on one specific site. Consideration about different impacts 
if different mining methods would take place also needs to be considered when assessing closure impact. 

An example of rehabilitation phases with considering Native plant community as post-mining land use has 
been shown in Figure 6. The Rehabilitation Phases include 

• Decommissioning; 

• Landform establishment; 

• Growth medium development; 

• Ecosystem and land use establishment; 

• Ecosystem and land-use sustainability; and 

• Relinquished lands. 

The activities are monitored and reported to stakeholders for review until the land is signed off by the 
authorities as rehabilitated (Anon, 2013; Blommerde et al., 2015). These procedures are summarised in 
Figure 6. 

 

Figure 6: Example of Rehabilitation Phases with Post-Mining Land Use Goal (courtesy of Blommerde et al. 
(2015) with the permission of the authors but original credited to (Anon, 2013)) 

The next stage is to identify how mining methods are selected and how the various methods create their 
unique biophysical impacts. Selecting the best mining method among many alternatives is a multicriteria 
decision-making approach (Ataei et al., 2008; Bitarafan & Ataei, 2004; Saki et al., 2020). Selection criteria are 
chosen to cover the most important parameters that impact the mining method selection, such as geological 
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and geotechnical properties, economic parameters, and geographical factors. Important factors such as net 
efficiency production, excavation cost, ore losses, ore dilution, and the final financial effects all depend on 
the selected and applied mining method. Certainly, the most important goal of the applied mining method 
selection process is the achievement of a lower excavation cost and potentially the best recovery and 
consequently a greater financial profit. This creates a gap between mining and post-mining biophysical 
impacts and the selection of a mining method should include sustainability after the Life of Mine. For 
example, not just trying to remediate the region but to use the concept of circular economy to find the 
potential best use case for the post-mining land, if applicable (Bowie & Fulcher, 2017; Gedam, Raut, de 
Sousa Jabbour, & Agrawal, 2021; Hattingh, Williams, & Corder, 2019). Usually, the rareness in finding a 
profitable deposit justifies the impacts, this consideration needs to be reconsidered. A deposit is considered 
profitable using a given exploration/mining method, if new methods can reduce the biophysical impacts, and 
still bring profitability, they need to be implemented, on small scale, and carefully tested. 

Multi-criteria decision making (MCDM) methods, such as Analytical Hierarchy Process, AHP, (Saaty, 1980, 
2008) or ELECTRE (Roy, 1990) which are commonly used for mining method selection, make the evaluations 
using the same evaluation scale and preference functions on the criteria basis (Bogdanovic et al., 2012). 
However, even the most recent papers such as the work by (Balt & Goosen, 2020) indicate that mining 
consultants, often, do not consider anything other than orebody characteristics in the mining method 
selection. 

In AHP, the assessment of the relative importance of decision criteria and the comparison of decision 
alternatives concerning each criterion is done by a pair-wise comparison, which involves the following main 
tasks: identifying the key critical factors, developing a comparison matrix at each level of the hierarchy, 
starting from the second level, and going down; computing the relative weights for each element of the 
hierarchy, and estimating the consistency ratio to check the consistency of the judgment. An example of 
such analysis performed by Bogdanovic et al. (2012) is shown in Table 7 to Table 9. 
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Table 7: Typical example of criteria considered in mining method selection (adopted from Bogdanovic et 
al. (2012) with the permission of authors) 
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Table 8: Pairwise comparison matrix for criteria and weights (adopted from Bogdanovic et al. (2012) with 
the permission of authors) 

 

Table 9: Results obtained for weights (adopted from Bogdanovic et al. (2012) with the permission of 
authors) 

 

In a recent study, Saki et al. (2020) have also investigated the applicability of different multi-criteria decision-
making approaches for the selection of the best mining method. A list of fifty parameters, including 
geomechanical, topographic and geometrical, technical, economic, environmental, and social factors, were 
considered for the selection of the most optimal underground mining method. Experts’ opinions were then 
collected and used to refine this list to the most influential parameters (see Figure 7). This study also shows 
that experts have allocated the highest ratings to parameters such as the thickness of the ore body, RMR 
(Rock Mass Rating) of the hanging wall, and production rate from this comprehensive list. It is implied that, 
still, the mining method selection based on experts’ opinions is biased in favour of the geological and to 
some extent the geomechanical characteristics of ore bodies and the host rocks. It seems that this 
conventional point of view neither shows the value of post-mining land use nor incorporates the closure into 
the feasibility study of the mining method selection. 
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Figure 7: Typical example of the critical parameters considered in mining method selection in some of the 
most recent studies (Adopted from Saki et al. (2020) with the permission of the authors) 

Mining method selection is the most important decision made in a mining project (Bitarafan & Ataei, 2004; 
Saki et al., 2020) as it drives the final economic value for shareholders. The selection of a suitable mining 
method for an ore deposit requires the consideration of numerous criteria, such as mining-geological factors, 
economic factors and to include biophysical factors (Horváth, Szeiler, Cormont, & van Eupen, 2016; Saki et 
al., 2020). With the current situation that discovery of new deposits (Murphy, 2022), is becoming rarer and 
extraction is related to technology and methods we have available today, the profitability for ongoing mining 
methods with defined capital and operational cost is limited. Sustainable closure adds considerable cost and 
additional considerations to standard mining methods (Anon, 2016b; Fourie & Brent, 2006; Limpitlaw, 2004). 
New mining methods could disrupt this process with different cost structures that may enable currently 
unfeasible deposit to be explored. But new mining methods may also bring unknown risks that can be a 
challenge for mining operation and closure. 

The conventional thinking for mines of today is that processing plant recovery rates of over 90% are required 
to cover the high costs of mining large quantities of gangue and milling material that is almost all waste. This 
thinking is no longer valid. The question we should be asking is what recovery gives us an equivalent or 
better margin than that obtained based on our conventional approach to mining. The industry then sets 
their cut-off grades according to this cost structure and are forced into looking for economies of scale. 

With declining ore grades (see Figure 8) and the need to mine deeper ore bodies, we need to utilise new 
methods that reduce rock movement, mine more selectively, and emphasise quality over quantity 
(Batterham, 2017; Batterham & Robinson, 2019). 
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Figure 8: The long-term declining trend in several ore grades (adopted from Batterham and Robinson 
(2019) but original credited to G. Mudd, Monash University) 

Mining3 is leading a transformational initiative called In-Place mining, which is motivated by the concept of 
minimal rock movement and processing ‘In Place’. In-Place mining will deliver a small surface footprint, 
reduced tailings generation, high automation, and a low capital intensity mine. 

Three methodologies can be deployed, depending on the ore body and mining method: In-Line, In Mine, or 
In-Situ. Each is an independent solution, but there are cross-disciplinary linkages that connect them. All 
deliver decreased rock movement, improved quality of extracted material, and successfully address the 
nexus of gangue driving operating costs. 

The proposed methodologies are particularly pertinent at a depth where mining costs escalate, and human 
safety becomes unmanageable even at higher grades. 

The In-Line Recovery (ILR) concept incorporates selective mining and ore upgrading, such that concentrated 
material is transported to the processing facility. ILR incorporates technologies that can be employed at or 
close to the face to selectively mine and pre-concentrate material; significantly reducing the material 
movement to the surface. 

It is a sweet spot where the latest technologies enable ILR. Of particular interest are: 

• the development of methods to cut hard rock such as Komatsu’s DynaMiner (previously Joy Global) 
using DynaCut™ technology to selectively mine hard rock ore and take advantage of natural 
structural features to break the rock. 

• the recent developments in smaller and mobile crushing systems preparing the first steps in what we 
conventionally consider as the comminution process. 

• the emerging digital technologies in automated face mapping, material characterisation and 
fragmentation analysis, and rock preconditioning. 

The In-Mine Recovery (IMR) concept will minimise rock movement and fracture ore using blasting, hydraulic 
or other means. It generates a conditioned mineral block that can be combined with chemical and/or 
biological tools to leach valuable ore under unsaturated conditions. CSIRO’s Remote Ore Extraction System 

https://www.mining3.com/innovations/dynacut/
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(ROESTM) which uses remote automated horizontal drilling and blasting provides a possibility to create an 
underground leach reactor for massive leachable deposits. 

At the very least a hybrid method where high-grade ore is treated more conventionally, and low-grade ore is 
‘dump’ leached in such underground reactors is attractive in many scenarios. Such low-grade ore has a much 
lower cut-off grade and hence can sustain lower metallurgical recoveries. 

IMR has application in the extraction of metal from remnant ore following sub-level or block caving. Such 
opportunities are rarely considered yet the capital mine development to enable them has already been 
spent, and the accretive opportunity can be significant. An example is where the last economic lift in a sub-
level cave has been taken and a leaching process is established to extract some residual value in the 
remaining ore. In this scenario, acceptable margins over incremental operating costs can be achieved with 
low recoveries (potentially over long-time horizons) of metal (see Figure 9). 

 

Figure 9: Cashflow comparison between conventional operations and in situ leaching (Mining3, 2017) 

Traditional In-Situ Leaching (ISL) or In-Situ Recovery (ISR) is well known as an established low-cost method 
for commodity extraction that does not depend on rock movement. The ore is processed in situ. It is used 
extensively in the Uranium sector and for extraction of water-soluble salts (for example Potash) where 
favourable, generally sedimentary hosted deposits allow it. The economics in such instances are attractive, 
and mines like the Beverly mine in South Australia operate very successfully. The circumstances do not 
depend on energy but rather metal recovery where the right geology, geo-metallurgical characteristics, and 
permeability are the key. 

However, for ISR, there are of course noted social/environmental barriers and concerns relating to 
conventional acid and cyanide lixiviants and their potential toxicity issues in ISL. Likewise, fracking is a 
concern often referenced in debates about ISL. Many of these concerns will be overcome but remain a 
challenge in the short to medium term in applying this more broadly to ore deposits. 

A key enabler for ISR is the development of new lixiviants. In particular, the Glycine technology developed by 
the gold technology group at Curtin University is a game-changer. It is a non-toxic, non-volatile reagent. 
When placed in an alkaline environment, it is selective in its ability to leach base and precious metals 
without taking gangue minerals of iron and manganese into the solution. It is also reusable provided it is 
kept in a closed system. As it operates in an alkaline environment, there are no corrosion issues such as can 
be seen with acid systems. The opportunities to use this technology in saturated (ISR) or unsaturated 
conditions (IMR) represent a very exciting prospect. 
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3 Project Aims 

This project aims to compare the closure options for conventional and novel, mining methods. The project 
will identify if the new methods, especially in-place mining, support a business case for closure that 
transforms the industry towards new mining approaches. Overall the project aims at: 

1. A – Perform a gap analysis to investigate the ambiguities in mine closure, identify the counterproductive 
outcomes, and analyse the uncertainties related to closure in different mining methods 

2. B – Investigate the opportunity to develop value concepts by generating the next value proposition for a 
conceptualised mining project 

3. C – Investigate and identify the type of data (quantitative/qualitative) and models that are needed to 
develop the scope and requirement of the next phases 

4. D – Prepare a report presenting a comparative matrix that compares and contrasts the biophysical 
impacts of novel mining approaches to more traditional mining methods as they affect closure and post-
mining land use 

These all together will highlight the current problems, identify transformational opportunities, and 
determine future CRC TiME activities that could enable mining methods with improved closure outcomes. 
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4 Research question 

The main question that should be addressed in this research is: 

‘How proposed new mining methods can help to modify and reduce the closure issues in 
comparison with the conventional mining methods that require large open pits, underground 

voids, which generate large tailings footprints?’ 
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5 Methodology 

The project was delivered through a desktop review process and workshops with CRC TiME partners. 

The data was gathered by interviews and workshops, as appropriate, with the member companies and 
government representatives. The project was conducted in three stages: 

1. Classification of closure issues for novel and conventional mining. 

a. Literature review 

b. Internal workshops 

c. Team workshops 

d. Development of report and Presentation compiling review 

2. Development of Hazard and Opportunity Matrix 

a. Mining company workshops 

b. Government representative workshops 

c. METs companies workshops 

d. Interviews 

e. Collation of results 

f. Update of Matrix 

3. Compilation and identification of Opportunities 

a. Compilation of data 

b. Value modelling 

c. Report on the project outcomes 
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6 Mining Methods 

The mining methods used to assess the biophysical closure challenges and populate the Matrix is listed in 
Table 10. 

Table 10: Classification of underground mining methods (Adopted and modified from Lung (2020)) 

CLASS DESCRIPTION MINING METHOD 

I Naturally supported 

Room and pillar 
Sublevel stoping 
Open stoping 
Vertical Crater Retreat (VCR) 

II Artificially supported Cut and fill mining 
Shrinkage stoping 

III Cave mining  
Sublevel caving 
Block caving 
Longwall mining 

IV Solution and innovative 
mining 

In-situ leaching 
In-mine recovery/leaching 
In-line recovery 

6.1 Surface Mining Methods 

Surface mining is a method of extracting minerals near the surface of the Earth. Waste and ore are extracted 
by removing the covering layer of rock and soil with high material movement, and low selectivity. 

6.2 Open-Pit Mining 

The open-pit mining method (see Figure 10) is one of the surface mining methods that have a traditional 
cone-shaped excavation usually employed to exploit near-surface, nonselective, and low-grade zones 
deposits, in horizontal exploitation stages (benches). It often results in high productivity and requires large 
capital investments, low operating costs, and good safety conditions. The typical process for multi-mineral 
applications with low to high-grade content. 
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Figure 10: An example of an open-pit copper mine (adopted from Cristian Bortes, Wiki Media Common, 
https://commons.wikimedia.org/wiki/File:Ro%C8%99ia_Poieni_open-pit_copper_mine.jpg) 

6.3 Opencast Mining 

Similar to open-pit mining is usually employed to exploit a near-surface (see Figure 11). It often results in 
high productivity and requires large capital investments, low operating costs, and good safety conditions. 
The major difference is that it focuses on tabular deposits such as coal, and blasting aims to cast overburden 
away to allow exploration access to coal. Both open-pit and open-cast mining methods generate a large 
amount of waste. 

 

Figure 11: An example of an opencast coal mine (Adopted from James Allan, Wiki Media Common, 
https://upload.wikimedia.org/wikipedia/commons/5/5c/Open_cast_mining_-_geograph.org.uk_-

_142590.jpg) 
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6.4 Underground Mining Methods 

The underground mining methods, on the other hand, require further development to reach the depth 
deposits, as an ore: waste ratio stripping doesn’t allow to financially explore the deposit as a surface mining 
method. The ability to dig into the ore, allow for a better selectivity of what to extract in comparison to a 
surface mining method, without the need to remove so much waste. 

From a geo-mechanical perspective, the underground mining methods can be classified based on the type 
and degree of support required in the mining operations with an increase of rock movement from pillar 
supported to the unsupported pillar and a decrease of energy stress-energy storage in the country-rock (see 
Figure 12). 

There are intermediary methods that sit between these methods (e.g., sublevel stope mining, Figure 14), 
with Room and Pillar (see Figure 13) and caving mining (see Figure 15) being at the extremes in this range. In 
some cases, a combination of surface and underground mining is seen, such as the transition from open-pit 
mining to cave mining due to an increase in depth (see Figure 16). 

 

Figure 12: Classification of conventional underground mining methods based on degree of support 

6.5 Room and Pillar Mining 

The method includes creating open areas within the ore body and installing pillars of rocks at consistent 
intervals throughout the open area to support the rock structure above. After mining out the ore within the 
area the pillars may be removed for safe collapse and fill added to the resulting cavity. It is not usually used 
for this to occur in very deep mines, as the width of the pillar would be too wide to support the stress (see 
Figure 13). 
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Figure 13: Schematic view of room and pillar mining method (Courtesy of (ISRM, 2008) but original 
credited to Atlas Copco) 

6.6 Stope Mining 

A variety of stope mining methods are available (Open Stope, Sublevel open stope, cut and fill stoping, 
Shrinkage stoping). The operation consists of drilling and blast material leaving behind an open space known 
as a stope. Stoping is used when the country rock is sufficiently strong not to collapse into the stope. 
Material is then collected from draw points in the bottom of the stope. This mining method is relatively safe 
as the mine retreats away from the previously mined or unsupported area of the underground mine. 

 

Figure 14: Schematic view of sub-level stope mining method (Courtesy of (ISRM, 2008) but original 
credited to Atlas Copco, 1997) 
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6.7 Caving Mining 

This method focuses on undermining the ore at locations where its structural integrity will be compromised 
forcing it to collapse under its own weight (see Figure 15). Once it is compromised and has fallen, the ore is 
excavated by equipment. This method is effective as it usually requires lower running costs than 
conventional methods of mining although more preparation costs are necessary, and access can be difficult. 
There are cases where a transition from surface mining to cave mining occurs due to the increase in depth of 
orebody (Figure 16). The cave mining method can result in significant surface subsidence (see Figure 17). 

 

Figure 15: Schematic view of a caving mining method (Adopted and modified from Francisco Camus 
Infanta, Alfredo Enrione Llaumet, 1973, 

https://commons.wikimedia.org/wiki/File:El_Teniente_Block_Caving_de.jpg) 
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Figure 16: Transition from open pit to underground caving (Adopted and modified from: 
https://upload.wikimedia.org/wikipedia/commons/f/f7/Ug-mining-greek.svg) 

 

Figure 17: Example of ground surface subsidence due to caving mining methods.(Adopted and modified 
from https://upload.wikimedia.org/wikipedia/commons/2/2d/Elura.png) 

6.8 Longwall Mining 

This method involves mechanical excavating of coal from tabular deposits, as well as soft mineral deposits 
such as potash. Large rectangular blocks of coal are defined during the development stage of the mine and 
are then extracted in a single continuous operation (see Figure 18), usually with equipment that cut the face 
of the rock. The longwall mining methods bring some typical impacts on the surface such as subsidence (see 
Figure 19). 
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 (a) (b) 

Figure 18: Longwall mining method (Courtesy of ISRM (2008) but b: original credited to Atlas Copco, 1997) 

 

Figure 19: An example of mining-induced subsidence incident in the UK (Adopted from JR James, 
University of Sheffield, https://live.staticflickr.com/3751/9351676920_639eea5784_b.jpg) 

6.9 Innovative Mining Methods 

6.9.1 In-place Mining 

Mining3 is leading an initiative called In-Place mining which is motivated by the concept of minimal rock 
movement and processing ‘In Place’. In Place, mining will deliver a small surface footprint, reduced tailings 
generation, high automation, and a low capital intensity mine. 

In-line technologies are deployed ‘at the face’ to selectively mine, sense/sort, and process ore (see Figure 
20). Concentrated material is transported to the surface processing facility and waste is left underground. 
Enabling technologies to include advanced sensing of the rock mass, precision rock cutting equipment, smart 
blasting techniques, ore sorting and pre-conditioning, and modular pre-concentration plant. The In-Line 
Recovery concept aims at selective mining and ore upgrading and then a concentrated material is 
transported to the processing facility. This mining method incorporates technologies that can be employed 
at or close to the face of selectively mine (usually underground) and the resulting pre-concentrate material 
reduces the need for haulage of material to the surface for processing. Some of the technologies include the 
DynaCut, Mobile Crushing and sorting units, and sensing and preconditions technologies. 
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Figure 20: Schematic view of In-Line Mining (Mining3, 2017) 

6.9.2 In-Mine Recovery 

This method aims to fracture ore using blasting/hydraulic or other means combined with biological tools to 
leach valuable ore under unsaturated conditions (see Figure 21). Enabling technologies are fracture 
modelling, hydraulic hoisting, non-toxic lixiviant technology, leaching systems, remote/automated rock 
breakage systems. It also aims to minimise rock movement by leaching ore fractured using blasting, 
hydraulic fractures, or other ways. The concept generates a conditioned mineral block that can be leached 
underground. For example, the CSIRO Remote Ore Extraction System (Anon, 2002; Boyce & Minchinton, 
2017) uses remote automated horizontal drilling and blasting to expand a vertical raise bore as a possibility 
to create an underground leach reactor for massive leachable deposits. Another possibility is a hybrid 
method where high-grade ore can be treated more conventionally/and low-grade ore is ‘dump’ leached in 
underground reactors, increasing the recovery of the deposit while keeping the material movement to a 
minimum (Mousavi & Sellers, 2019). This would allow for revisiting brownfield mine sites to extract residual 
value in the remaining ore with lower capital costs. 
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Figure 21: Schematic view of In-mine Recovery (Mining3, 2017) 

6.9.3 In-situ Mining 

In In-situ Mining, the ore is processed using leaching fluids circulated through the fractured rock between a 
gird of drill holes (Kuhar et al., 2015; Robinson & Kuhar, 2018; Seredkin et al., 2016) (see Figure 22). The 
challenges involved include identifying and evaluating ore deposits suitable for in-situ recovery as well as 
developing techniques and technologies for creating direct access pathways to target minerals, 
hydrogeology deposit, fracturing and permeability, non-toxic lixiviant technology, and leaching systems. 
Traditional In-Situ Leaching is a well-known technology, allowing a low-cost method for commodity 
extraction that does not depend on rock movement since the ore is processed in situ in surface operations. 
One of the main risks in In-situ Mining risk is related to the social and environmental concerns associated 
with the application of conventional acid and cyanide lixiviant (Batterham & Robinson, 2019; Kuhar et al., 
2015). However, the application of the newly developed environmentally friendly lixiviant can help to control 
and mitigate such risks. A key enabler for revisiting this technology is the development of new lixiviants that 
appear to be non-toxic, non-volatile reagents. Typical new lixiviants include glycine (Breuer, Dai, Zhang, & 
Hewitt, 2012; Eksteen, Oraby, & Tanda, 2016; Tanda, Oraby, & Eksteen, 2017). Many of these lixiviants can 
leach base and precious metals without taking gangue minerals into the solution and can also be reusable. 
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Figure 22: Schematic view of In Situ Mining (Mining3, 2017) 
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7 Development of an Impact Matrix 

A matrix has been used in this project to quantify the impact and provide a ‘picture’ of the hazard of each 
mining method (see Table 11) against each biophysical factor (see Table 12). A summary of the ratings 
provided by the expert is shown inTable 13. 

Table 11: Summary of the mining methods considered in this analysis 

 

Table 12: Typical biophysical factors 

P1 Affecting the rate of erosion and weathering 
P2 Surface subsidence and sinkholes 
P3 Slope instability issues and triggering landslides 
P4 Water Pollution – Acid rock drainage 
P5 Water Pollution – Heavy metal contamination 
P6 Air pollution and dust problems 
P7 Effect on the surface and sub-surface aquifers 
P8 Soil pollution 
P9 Biological effects 

P10 Effects on vegetation 
P11 Effects on animals  
P12 Effects on indigenous land use 
P13 Size of tailing and tailing issues 
P14 Size of waste/spoil dumps 
P15 Socio-economic issues 
P16 Hazards and effects on humans 
P17 Emissions 
P18 Water use 

 

It is noted that the method of analysis is based on a matrix approach such as the Analytical Hierarchy Process 
(AHP) proposed by Saaty (Saaty, 1987; Saaty, 2008) or the Rock Engineering System (RES) developed by 
Hudson at the Imperial College London (Hudson, 1992, 2017). 

It is also noted that based on a comprehensive desktop study, the research team selected the most common 
biophysical impacts factors for the analyses which have been tabulated in Table 12. 
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Table 13: Example of a matrix planned to be populated from the survey 
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8 Survey 

The project proposed to develop the impact matrix weightings by consulting CRC TiME partner experts 
within face-to-face workshops. Due to the requirements to change operational approaches because of the 
COVID pandemic, the matrix development was proposed to take the form of a survey. The survey was also 
approved by CSIRO for ethics. The Survey was set out using the survey monkey. The survey was sent to a list 
of experts in the field, in the METS, Mining Companies, and Regulators. The survey was requested after an 
initial workshop showing the intention of the project and to continue the work to gather information and 
systematically quantify it. The information was used to fill the matrix presented in Table 14, Table 15, and 
Table 16 and support the goal of this project. 
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9 Results 

9.1 Participant adherence to the survey 

The initial result of the survey is the low adherence to the survey from the experts in the field (see Table 18). 
Mining is well-known for knowledge silos, where departments in the same company (Environment, Mining 
Operations, Processing), and between mining methods (Open Pit/Underground), may not be well familiar 
with the processes involved in the other sections. Some of the survey responses indicate that they did not 
have the proper knowledge across all different mining methods to assess the survey properly. The 
adherence number of experts answering the survey may indicate the percentage of professionals that have a 
cross-over understanding of different impacts for different methods. These results also may indicate that 
there is a limited number of people who can make decisions based on a wide knowledge of the different 
types of risks. Having more knowledge about other methods would bring more options that may reduce risk. 
It is also noted that only 28% of the people invited to do the survey, participated in the survey, and 
completed it. 

9.2 Surface Mining Results 

Surface mining is a method of extracting minerals near the surface of the Earth. Waste and ore are extracted 
by removing the overlying layers of rock and soil which often result in significant material movements. There 
is, therefore, a much lower chance of mining targeted minerals and metals selectivity. 

The survey invited experts to rate different mining methods against 22 factors (see Table 14) of which 13 
factors had an average rating of around 3.3, for surface mining effects, which was considered in this survey 
as a strong to critical impact score. There was not a noticeable difference between the ratings related to 
different surface mining methods, including open-cast and open-pit mining. However, for several factors, the 
ratings associated with open-cast mining are slightly higher than those related to open-pit mining. 

Experts have also allocated low scores for soil pollution (average 2.2 for open-cast mining and 1.9 for open-
pit mining) which indicate Low to Medium impact scores. Soil pollution is among the factor with the lowest 
impact rating after surface subsidence which may not be well relevant to surface mining operations. If we 
consider all the ratings against these different factors the average is 2.9 for open cast and 2.8 for the open 
pit in total, which are relatively in the same order. There were also 40 blank answers for the factors related 
to open-cast mining and 19 ones in those related to open-pit mining. The other interesting points to discuss 
are the capital costs and the operating costs for these two mining methods. Experts have considered slightly 
higher ratings for the capital costs in open-pit mining but a marginally lower operating cost. These might be 
due to the need for constructing huge processing plants in open-pit mining and the high costs of cast 
removal in open-cast mining to access coal seams. They also expected a higher ore/coal loss in open cast 
mining. For further information please see Table 14. 
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Table 14: Summary of survey results for the surface mining methods 

AVERAGE OPEN CAST OPEN PIT 
Affecting the rate of erosion and weathering 3.0 3.1 
Air pollution and dust problems 3.0 2.9 
Biological effects 2.8 2.5 
Capital costs 3.2 3.3 
Effect on surface and subsurface aquifers 3.3 3.3 
Effects on animals 2.7 2.5 
Effects on indigenous land use 3.1 3.3 
Effects on vegetation 3.1 2.6 
Emissions 3.3 3.3 
Hazards and effects on humans 2.2 2.1 
Operating costs 3.2 3.1 
Ore loss & not recovered 2.3 2.0 
Rehabilitation costs 3.3 2.7 
Size of tailing and tailing issues 3.2 3.6 
Size of waste/spoil dumps 3.0 3.4 
Slope instability issues and triggering landslides 2.6 2.7 
SocioEconomic issues 2.6 2.5 
Soil pollution 2.2 1.9 
Surface subsidence and sinkholes 1.1 1.2 
Water Pollution: Acid rock drainage 3.3 3.4 
Water Pollution: Heavy metal contamination 3.1 3.3 
Water use 3.5 3.6 
Overall 2.9 2.8 

9.3 Underground Mining Results 

Underground mining methods require further development to reach the deposits at high depth because the 
ore: waste stripping ratio does not allow to feasibly extract the deposit through surface mining methods. The 
ability to excavate into the orebody allows, to some extent, to more selectivity extract the ore in comparison 
with the surface mining methods (e.g., open pit mining), without the need to remove a significant amount of 
waste. 

Out of the 22 risk factors listed, the survey shows that experts have considered the higher ratings for factors 
such as water pollution, and impact on aquifers. The capital cost for the development of the underground 
mines is generally quite high. Experts have, therefore, considered relatively high ratings for the capital costs 
related to underground mining with an average of around 3.0 for almost all different underground mining 
methods considered in this study. The operation costs vary slightly between different mining methods and 
the highest is related to mechanical mining (longwall mining) with an average of 3.0 and the lowest is around 
2.6 and related to mass mining and cave mining operations. The soil pollution scores the lowest, between 
0.9 to 0.8 across these different mining methods, and has the highest ranking for cave mining operations. 
Cave mining and longwall mining have also the highest effects on the surface and experts have allocated 
them ratings of 3.1 and 2.5 against the surface subsidence factor. 

If we sum up all the ratings for different underground mining methods the averages vary between 1.7 (for 
room and pillar mining) up to 2.1 (for cave mining) (please see Table 15). These are significantly lower than 
the numbers related to open-cast mining (2.9) and open-pit mining (2.8). This indicates that overall the bio-
physical effects of underground mining are smaller than the ones related to surface mining methods. 
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There were also 62 blank answers in the survey across different underground mining methods, showing a 
lack of information related to the risks associated with different mining methods in the communities of 
experts who participated in the survey. The number of blank answers was higher than what we saw in the 
results of the survey related to surface mining operations. This shows that there are still a lot of unknowns 
related to the closure of underground mines, post-mining land use in such areas, and the short and long-
term risks related to underground mining and the closure. 

Table 15: Summary of survey results for the underground mining methods 

AVERAGE UG 
CAVE 

UG 
LONGWALL 

UG ROOM 
& PILLAR 

UG 
STOPE 

Affecting the rate of erosion and weathering 2.8 1.6 1.1 1.3 
Air pollution and dust problems 1.3 0.9 0.9 0.9 
Biological effects 1.5 1.3 1.0 1.0 
Capital costs 3.0 3.0 3.0 3.0 
Effect on surface and subsurface aquifers 2.5 2.5 2.4 2.4 
Effects on animals 1.5 1.1 1.0 1.0 
Effects on indigenous land use 2.3 1.8 1.4 1.4 
Effects on vegetation 1.6 1.4 1.0 1.0 
Emissions 1.8 1.5 1.5 1.5 
Hazards and effects on humans 2.0 1.8 1.5 1.6 
Operating costs 2.6 3.0 2.8 2.8 
Ore loss & not recovered 1.6 2.0 3.0 2.0 
Rehabilitation costs 3.0 2.0 1.6 2.2 
Size of tailing and tailing issues 2.1 1.9 1.8 2.1 
Size of waste/spoil dumps 1.8 1.6 1.4 1.9 
Slope instability issues and triggering landslides 1.9 1.3 0.9 1.0 
SocioEconomic issues 2.0 2.0 2.0 2.0 
Soil pollution 0.9 0.8 0.8 0.8 
Surface subsidence and sinkholes 3.1 2.5 1.3 1.5 
Water Pollution: Acid rock drainage 2.9 2.6 2.4 2.8 
Water Pollution: Heavy metal contamination 2.4 2.3 2.3 2.4 
Water use 1.8 2.2 1.8 2.0 
Overall 2.1 1.9 1.7 1.7 

9.4 In-place Mining Results 

Mining3 is developing a few innovative mining methods which are known as In-Place mining. Some of the 
fundamental concepts, in these new mining methods, are to extract selectively, to minimise the rock 
movement, and to process the materials as close to their initial location as possible (In-Place). In-Place mining 
will generate a small surface footprint, reduces the tailing and waste dump sizes, reduces the size and 
number of entries, enables high automation, and reduces energy consumption and emissions. It is also a low 
capital intensity mining method. 

The survey results show that experts have considered the high impact score, in in-place mining, for water 
pollution, affecting the subsurface aquifers, subsidence and ground movements, and water consumption, 
respectively. The experts have also allocated a rating of around 1.8–2.0 for the operation costs in these 
different in-place mining methods. This is a much lower cost compared with the surface and underground 
mining methods. The rating related to the capital costs is also around 2.3 to a maximum of 2.5 for these 
mining methods which is considerably lower than the counterparts for surface and underground mining 
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methods. The differences between the impact ratings of these different in-place mining methods are not 
generally significant. Soil and air pollution scores are also quite low for all these three in-place mining 
methods (In-Line mining, In-Mine Recovery, and In-situ mining). This is among one of the main 
environmental advantages of these mining methods compared with the surface and to some extent 
conventional underground mining methods. Again, if we sum up all the ratings for these new mining 
methods, the averages will be around 1.6 to 1.8 which are significantly lower than 2.9 and 2.8 in the surface 
mining methods and is in the order of the ratings for the underground mining methods. However, the 
reduction in the capital and operational costs and the reduction of material movement and hauling which 
reduces the consumption of diesel and enable decarbonisation, tailing generation, as well as reducing 
mechanical comminution which can considerably reduce the energy consumption are the key factors that 
make these new mining methods attractive approaches for dealing with ESG risks. 

It is also noted that there were 73 blank spaces in the survey results across these different new mining 
methods, showing a lack of having proper information about these new methods in different communities of 
experts involved in mining and closure. This gap is much sharper than what we previously saw in identifying 
the risks and issues in surface and to some extent in underground mining operations. 

To address this issue, we have, therefore, organised a separate brainstorming workshop with experts with 
different technical backgrounds and involved in mining and mine closure and asked their ideas regarding the 
improvement of the general understanding of the biophysical issues associated with different mining 
methods, and the approaches that can help to implement and proof the capacities of the new mining 
methods. The findings of this brainstorming season will be briefly discussed in the discussion of this report 
(also see Figure 24, Figure 25, and Figure 26). 

  



 
Final Report 3.7 | Comparative Closure: Assessing the biophysical closure challenges of different mining methods 

48 

Table 16: Summary of survey results for the In-Place mining methods 

AVERAGE INLINE INMINE INSITU 
Affecting the rate of erosion and weathering 0.7 0.7 0.7 
Air pollution and dust problems 0.7 0.7 0.7 
Biological effects 1.0 1.0 1.0 
Capital costs 2.3 2.5 2.3 
Effect on surface and subsurface aquifers 2.7 2.7 2.7 
Effects on animals 1.0 1.0 1.0 
Effects on indigenous land use 1.7 1.7 1.7 
Effects on vegetation 1.2 1.2 1.2 
Emissions 1.1 1.4 1.3 
Hazards and effects on humans 2.2 2.2 2.2 
Operating costs 1.8 2.0 1.8 
Ore loss & not recovered 2.2 1.8 2.0 
Rehabilitation costs 2.0 2.0 2.2 
Size of tailing and tailing issues 1.0 1.0 1.0 
Size of waste/spoil dumps 1.0 1.0 1.0 
Slope instability issues and triggering landslides 1.2 1.2 1.0 
SocioEconomic issues 2.0 2.0 2.0 
Soil pollution 0.7 0.7 0.7 
Surface subsidence and sinkholes 2.5 2.2 2.3 
Water Pollution: Acid rock drainage 2.5 2.8 2.8 
Water Pollution: Heavy metal contamination    

Water use 2.3 2.5 2.7 
Overall 1.6 1.8 1.6 

9.5 Matrix 

Below (see Table 17) is the complete Matrix including all biophysical factors and mining methods are 
presented, overviewing all this discussion conducted per mining methods in this session. The table is 
coloured so that red is the highest perceived risk value and green is the lowest. 
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Table 17: Matrix comparing all mining methods and biophysical factors 

ROW LABELS IN
LI

N
E 

IN
M

IN
E 

IN
SI

TU
 

O
PE

N
 C

AS
T 

O
PE

N
 P

IT
 

U
G

 C
AV

E 

U
G

 L
O

N
G

W
AL

L 

U
G

 R
O

O
M

 &
 

PI
LL

AR
 

U
G

 S
TO

PE
 

Affecting the rate of erosion and weathering 0.7 0.7 0.7 3.0 3.1 2.8 1.6 1.1 1.3 
Air pollution and dust problems 0.7 0.7 0.7 3.0 2.9 1.3 0.9 0.9 0.9 
Biological effects 1.0 1.0 1.0 2.8 2.5 1.5 1.3 1.0 1.0 
Capital costs 2.3 2.5 2.3 3.2 3.3 3.0 3.0 3.0 3.0 
Effect on surface and subsurface aquifers 2.7 2.7 2.7 3.3 3.3 2.5 2.5 2.4 2.4 
Effects on animals 1.0 1.0 1.0 2.7 2.5 1.5 1.1 1.0 1.0 
Effects on indigenous land use 1.7 1.7 1.7 3.1 3.3 2.3 1.8 1.4 1.4 
Effects on vegetation 1.2 1.2 1.2 3.1 2.6 1.6 1.4 1.0 1.0 
Emissions 1.1 1.4 1.3 3.3 3.3 1.8 1.5 1.5 1.5 
Hazards and effects on humans 2.2 2.2 2.2 2.2 2.1 2.0 1.8 1.5 1.6 
Operating costs 1.8 2.0 1.8 3.2 3.1 2.6 3.0 2.8 2.8 
Ore loss & not recovered 2.2 1.8 2.0 2.3 2.0 1.6 2.0 3.0 2.0 
Rehabilitation costs 2.0 2.0 2.2 3.3 2.7 3.0 2.0 1.6 2.2 
Size of tailing and tailing issues 1.0 1.0 1.0 3.2 3.6 2.1 1.9 1.8 2.1 
Size of waste/spoil dumps 1.0 1.0 1.0 3.0 3.4 1.8 1.6 1.4 1.9 
Slope instability issues and triggering landslides 1.2 1.2 1.0 2.6 2.7 1.9 1.3 0.9 1.0 
SocioEconomic issues 2.0 2.0 2.0 2.6 2.5 2.0 2.0 2.0 2.0 
Soil pollution 0.7 0.7 0.7 2.2 1.9 0.9 0.8 0.8 0.8 
Surface subsidence and sinkholes 2.5 2.2 2.3 1.1 1.2 3.1 2.5 1.3 1.5 
Water Pollution: Acid rock drainage 2.5 2.8 2.8 3.3 3.4 2.9 2.6 2.4 2.8 
Water Pollution: Heavy metal contamination    3.1 3.3 2.4 2.3 2.3 2.4 
Water use 2.3 2.5 2.7 3.5 3.6 1.8 2.2 1.8 2.0 

 

A summary of total scores is listed in Table 18. The results indicate that surface mining methods have the 
higher risk impact perception of experts in the METS, Mining Companies, and Regulators. Followed by 
underground mining methods, and the in-place mining methods, although no full-scale operation using the 
in-place mining method is currently in operation, the perception is that the risk is already lower (half of what 
is expected from surface mining). Although the survey had low adherence (around 28%), showing the 
potential the silo issue across different mining methods, it also indicates the level of professional 
competency across different mining methods. This survey did not include the general public and 
communities. The high percentage of unanswered questions for the In-Place mininh methods indicates that 
people are unfamiliar with these and unwilling to make estimates of perceived risk. This set of experts were 
much more familiar with open pit and open cast mining methods though less familiar with underground 
methods. 
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Table 18: Matrix of total scores per mining method 
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Average 1.6 1.8 1.6 2.9 2.8 2.1 1.9 1.7 1.7 
Percentage unanswered 39% 39% 39% 18% 8% 28% 28% 28% 28% 
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10 Discussion 

According to a recently published report by (Mitchell, 2021), global mining executives have ranked 
environment, social and governance (ESG), decarbonisation, and license to operate (LTO) as the main risks 
and opportunities that mining will be dealing with in 2022 (see Figure 23). 

 

Figure 23: ESG risks and opportunities for mining companies in 2022 (Mitchell, 2021) 
(https://www.ey.com/en_gl/mining-metals/top-10-business-risks-and-opportunities-for-mining-and-

metals-in-2022) 

The shift in focus from license to operate and profit, to the environment, social, and decarbonisation well 
highlights the importance of searching for mining methods that reduce the environmental footprint, reduce 
carbon emission, and energy consumption. 

The results from the survey and matrix were presented to the METS, Mining Industry, and Regulators. CRC 
TiME Mining partners would be interested in the ability to consider mining opportunities that provide 
options for alternative outcomes to their existing or future mining projects. METS partners would be 
interested to identify where their technologies could fit into the practical application of these new mining 
approaches. State Governments will be interested in encouraging and developing methods that enable 
better access to resources with reduced closure liability. 

The overview of the discussion and interaction with METS/Mining Companies and Regulators is summarised 
in this section. Table 19 provides a visual overview of the initial results with risks ranked as lower, similar, or 
higher than conventional mining by the survey participants. The authors have indicated using italics where 
the relative ratings have been unexpected. This identifies that quantification of the issues is required for 
proper analysis. 
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Table 19: Relative biophysical risk levels (from Table 12) compared to conventional mining estimated for 
the three novel mining methods 

  ESTIMATED RISK RELATIVE TO 
CONVENTIONAL MINING 

 BIOPHYSICAL CRITERION IN-LINE 
MINING 

IN-MINE 
RECOVERY 

IN – SITU 
MINING 

P1 Affecting the rate of erosion and weathering Lower Lower Lower 
P2 Surface subsidence and sinkholes Higher Higher Higher 
P3 Slope instability issues and triggering landslides Lower Lower Lower 
P4 Water Pollution – Acid rock drainage Similar Similar Similar 
P5 Water Pollution – Heavy metal contamination Similar Similar Similar 
P6 Air pollution and dust problems Lower Lower Lower 
P7 Effect on the surface and sub-surface aquifers Similar Higher Higher 
P8 Soil pollution Lower Lower Lower 
P9 Biological effects Lower Lower Lower 

P10 Effects on vegetation Similar Similar Similar 
P11 Effects on animals  Lower Lower Lower 
P12 Effects on indigenous land use Similar Similar Similar 
P13 Size of tailing and tailing issues Lower Lower Lower 
P14 Size of waste/spoil dumps Lower Lower Lower 
P15 Socio-economic issues Higher Higher Higher 
P16 Hazards and effects on humans Higher Higher Higher 
P17 Emissions Lower Lower Lower 
P18 Water use Similar Higher Higher 

 

Appendix 1 provides a more extensive set of biophysical issues with potential options for quantification and 
could be a framework for studying each of the new mining approaches in more detail. Also, it suggests that 
the categories are not uniquely defined and may have different meanings to different people. Overall, it is 
considered that the survey shows the alternative mining methods appearing to have lower risk perception, 
although higher unknowns. The survey outcomes resulted in a discussion on how to increase the knowledge 
of biophysical impacts from different mining methods for different professional groups across the mining 
value chain or focused on specific mining methods. Such a study would be beneficial to reduce the silos of 
closure understanding across different mining methods and determine how a consistent quantification of 
biophysical risk could be developed. How to put this concept in practice, includes ideals like trials, small 
initiatives, breaking into separate projects, and economic study. As to identify potential candidate mines that 
would be keen to engage. 

After identifying the potential benefit of using new mining methods and identifying the lack of having proper 
information as one of the main issues in the acceptance of the new methods, a workshop was organised and 
experts from mining companies, consulting companies, universities, and research organisations were invited 
to discuss the associated issues. Jamboard was used for brainstorming and discussing a few main questions 
related to these new mining methods. The approach that we used uses online sticky notes to share ideas, 
digitally. The main questions that were discussed in the workshop are briefly discussed below: 
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A: How do you increase the knowledge of biophysical impacts from different mining methods across different 
professionals involved in mining/Closure, and post-mining. 

 

Figure 24: Results of the brainstorming session on the methods to improve the overall knowledge of 
biophysical impacts of mining 

As can be seen (see Figure 24), some experts believe that the information and knowledge related to the new 
mining methods and the associated biophysical challenges shall be a part of the university courses for mining 
and environmental engineers. Providing training programs and preparing educational materials (e.g., 
articles, documentaries, etc), for the engineers involved in mining and mine closure, could also be a useful 
method to improve the general knowledge related to the biophysical issues and closure problems related to 
different mining methods. In particular, investigating and discussing different case studies of the successful 
and failed application of the new mining methods, in articles available in the public domain, can help to 
improve the general knowledge as well as to identify the commodities and geological conditions that are 
suitable for the implementation of the new mining methods. Experts have also suggested performing a deep 
state-of-the-art review on the applications of the new mining method to identify the 
capacities/opportunities and risks associated with these new mining methods. 
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The second question was discussed in the workshop was: 

B: Initial studies have shown that new mining methods (e.g., selective in-line mining, in-situ mining, and in-
mine recovery) have a lower ESG risk perception while there are higher unknowns. How do you think we 
should start putting these concepts into practice (e.g., trials, small initiatives, breaking into separate projects, 
techno-economic studies)? 

 

Figure 25: Results of the brainstorming session on the methods for starting work on the new mining 
methods 

Experts think that there should be some incentive for mining companies that are willing to risk and test and 
apply the new mining methods. They also have suggested performing deep studies in this area (e.g, funding 
Ph.D. studies) and focusing on the uncertainties and potential hazards, and risks of the new mining methods, 
and comparing these against the main issues associated with the conventional mining methods. Performing 
global analysis on the successful and unsuccessful experiences of in-place mining methods can also help to 
identify the main pros and conses of the methods. Performing pilot-scale testings in suitable mine sites (e.g, 
abandoned and inactive mines sites) will also allow to better identify the biophysical challenges associated 
with the mining methods. It has also been suggested to develop educational campaigns to inform 
stakeholders, communities, regulators, mining companies, etc of the potentials and opportunities that can 
be arisen by implementing new mining methods. Further information related to the brainstorming ideas 
collected related to the second question can be seen in Figure 25. 
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The last question that was discussed during the workshop was: 

C: What could be a suitable site (a proper mine) to test the new mining methods and what problems should 
be addressed while searching for a mine site? 

 

Figure 26: Results of the brainstorming session on finding a proper mine site for testing the new mining 
methods 

As can be seen in Figure 26 the responses, related to finding proper tests sites, have highlighted the 
potential of using legacy/abandoned mine sites. The question also identified the existing regulations as one 
of the main barriers for testing new mining methods and indicated that regulators should be included from 
the primary stages of any research on the application of the new mining methods. Data availability is also a 
key element for the decision-making related to the application of the new mining methods. Such data may 
not, however, always be available for legacy mines. Finding a proper site may also involve engaging several 
stakeholders with different needs, from local communities to mining companies, government, and 
regulators, etc. 
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11 Recommendations for Future Work 

The discussion and finding of this CRC TiME Project led to the ideation of further work. To improve and fund 
closure operations and provide opportunities for post-mining land use, requires a changeover during mining 
to novel mining methods with a small surface footprint, reduced tailings generation, reduced energy from 
comminution and transport, high automation, low capital intensity, and high return on sustainability 
investment (McNab, Onate, Cohen, Barnes, & Garcia-Vasquez, 2013). The foundational project found that 
adoption by stakeholders (Mining companies, community, and regulators) of applying different mining 
methods (selective mining, mechanical cutting, and in-situ leaching) as a transition to closure would have a 
perception of high risk because of the unfamiliarity of these operations. 

Further work proposes to reduce the risk perception by comparing the closure options for conventional and 
novel, mining methods. This project would aim to compare the closure options for conventional and novel, 
mining methods using digital/virtual twin case studies based on real operations. Having a digital view of the 
options will reduce risk perception in the adoption of a novel mining method by stakeholders. Mining 
companies will feel more confident to trial methods, the community can understand the implications, and 
regulators can see how the methods would mesh with current legislative frameworks. 

The objectives could be to expand on the knowledge that exists on the relationship between mining 
methods, closure, and post mine land use, evaluate the biophysical and social impacts of the novel mining 
methods, identify opportunities to change closure options, and highlight their own closure challenges 
though the line of mine. New and transformational opportunities for post-mining land use from novel mining 
methods can then be proposed for future mine sites and as opportunities to extend the life of mine of 
existing, brownfield, operations. Such a project could identify the opportunities to develop novel mining 
methods and enable alternative closure options. Education campaigns would have visual artifacts and data 
to inform stakeholders and regulators about the pros and cons of new methods. Subsequently, pilot testing 
could be conducted in a legacy site to increase awareness of benefits, hazards, and risks to prove the 
concept for the adoption of novel mining methods in future operations. 
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13 Appendix 

13.1 Appendix 1: Issues, consequences, and options for reducing mining closure 
impact for a general application (Anon, 2016a) 
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