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FOREWORD

I would like to welcome everyone to the AusIMM’s fifth Life-of-Mine Conference and our first to be held in a hybrid format. 
In common with many events, our conference was originally planned for August 2020 until the global disruptions of 
the COVID 19 pandemic intervened.  The planning, development and execution of this conference by the conference 
organising committee has been a ‘long journey’ with our first meeting extending all the way back to August 2019.

At the time of the last conference in 2018, the mining sector was confronted with increasing cost and production 
pressures, ever-demanding technical challenges, and heightening societal and community expectations. These 
challenges are all still very valid but now framed within the ‘new normal’ that the COVID and post-COVID world brings, 
and its implications, at least the near future, of restricted mobility and social distancing.  Given this, it is even more 
relevant now that the mining industry enables stronger integration, creates greater innovation and fosters more holistic 
thinking, which have all been underlying themes of this conference series since its inception in 2012.  

This year’s conference has continued to attract a broad range of professional disciplines with a diversity of affiliations 
and views, including contributors from industry, consulting, government and non-government organisations, and 
academe and other research institutions. A continuing strength of this conference is the involvement and participation 
of the traditional core constituencies of the AusIMM, namely the disciplines of geology, planning, mining and mineral 
processing, with the environmental, social and broader sustainability-focused expertise working in this field. What has 
changed significantly over the last few years and aligned with this conference is the increasingly important role and 
influence that this latter group has within the institute, reflecting the growing significance of these areas in the sector. 
With this in mind and as with previous conferences, the organising committee purposely designed a program structure to 
enhance and facilitate the opportunities for cross-and inter disciplinary learning and engagement.

We have six excellent keynote speakers – Andrew Roxburgh, Kia Dowell, Aidan Davy, Peter Harvey, Meryl Jones, and 
Kim Ferguson – and we really appreciate their time and the contribution of their insights and experiences. Similar to 
previous conferences, we have included two panels.  The first one on the second day is arranged by the Co-operative 
Research Centre for Transformation in Mining Economies (CRC TiME) titled “Mine closure – can we really keep everyone 
happy?” with four mine closure experts from key stakeholder groups of Indigenous, Regional Development, Government/
regulatory and Mining. The second panel will be held at the end of the conference where acknowledged experts in 
the sector will reflect on how industry will address the challenges, expectations and requirements of communities, 
environments and economies globally as articulated through the UN Sustainable Development Goals.

Many thanks to the authors who are presenting their work, their views, their case studies and their findings. Your 
contributions are critical to the success of this event and what stimulates the engagement and debate. To the reviewers 
of extended abstracts, our sincere thanks for your time, thoroughness and rigour. The generosity of many sponsors and 
the support from exhibitors are crucial for such a conference to achieve its aims and we recognise and acknowledge 
your genuine interest in this event. The LOM2021 Conference Organising Committee was instrumental in making the 
conference a reality, and I am extremely grateful for their time, advice and commitment over what was a much longer 
timeframe than was originally envisaged. To Alice, Andrea, Kirsty and the team at the AusIMM, thank you very much for 
all the effort and organisational and logistical skills over the past 18 months to ensure this fifth conference on such an 
important topic will be another success.

On behalf of the AusIMM and the Sustainable Minerals Institute at The University of Queensland, and the AusIMM’s 
Southern Queensland Branch and Community and Environment Society, it is my pleasure to welcome all participants 
to this engaging and hopefully somewhat provocative program of Life-of-Mine 2021. We are sure you will enjoy your 
involvement and participation, where it be in-person or on-line.

Glen Corder FAusIMM  
Sustainable Minerals Institute, The University of Queensland 
Conference Chair
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INTEGRATION OF MINE WATER MANAGEMENT TO MEET 
PROGRESSIVE REHABILITATION REQUIREMENTS 

  
H J J   Boshoff1 

1. Business Leader - Water Resources, Cardno Pty Ltd, Australia, Fortitude Valley QLD 4006, 
Henning.Boshoff@cardno.com.au 

INTRODUCTION 
Water management in the mining industry has over time evolved with systems designed and 
constructed to meet operational water supply demands and to manage surface water and 
groundwater impacts. Some changes have also been required to meet new legislation and/or 
company standards. Progress in this area includes the integration of mine water management in the 
mine planning stages of mining developments to identify additional considerations and for staging 
the construction of water management infrastructure throughout the life of the mine. This includes 
the need for adequate rehabilitation provisioning (Treasury, 2017) and considering if the 
infrastructure is required post-closure, and if so, include post-mine use requirements into the design.  
With the introduction of new or revised mining legislation, such as Queensland’s Mineral and Energy 
Resources (Financial Provisioning) Act 2018, there now is a requirement to develop a Progressive 
Rehabilitation and Closure Plan comprising both rehabilitation planning and a schedule to specifically 
define the nature and timing of works leading to post-mining land use, stabilised voids and 
rehabilitated waste storage facilities. This will require mine planners and designers to provide 
sufficient details on the integration of water management infrastructure into rehabilitation plans to 
ensure the plans achieve the agreed post-mining land use, or allow for effective management of 
non-use management areas. When relevant, the mining proponent will also have to undertake 
consultation to develop a Public Interest Evaluation Report to get stakeholder approval for these 
non-use management areas. Plans are required to provide details on area of activity, rehabilitation 
milestones, completion and milestone criteria and achievable milestone dates.  
Developing a Progressive Rehabilitation and Closure Plan presents an opportunity to review the 
mine water management at every stage of the mine life and critically assess integration, timing and 
design requirements. Hence an opportunity exists to further improve mine water management as a 
support to the progressive rehabilitation requirements as a minimum, and to enhance and not hinder 
the rehabilitation progress.  

INTEGRATION OF MINE WATER MANAGEMENT 
Integration of mine water management infrastructure is not a new concept (ICMM, 2012), with most 
mine designers and planners developing detailed mine plans for every stage that consider how mine-
affected water is managed, as well as how environmental values can be protected. Other 
considerations include process water storage and water treatment during operation through to post 
closure to meet legal requirements (VTT, 2016).  In addition, mine sites also develop a number of 
operational plans, financial models and risk assessments on various aspects such as geotechnical 
risks associated with water management (Ahumada Calderon, 2020).  
Mine planners and designers work with other professionals to identify the need for mine water 
management infrastructure and to set performance requirements. However, additional consideration 
is required for infrastructure demolition and rehabilitated landforms, especially if these will become 
permanent features after closure. Life of mine planning includes considerations related to the final 
land use and the sustainability of the site post-mining, which is sometimes far into the future and 
generally limited to high level rehabilitation designs and closure funding (Morrison-Saunders et al, 
2016). 
The Queensland Progressive Rehabilitation and Closure Plans guideline (DES, 2019) is not specific 
on what is required for water management infrastructure, or where integration will be beneficial to 
achieving post-mining land use requirements. The guideline states the importance of considering 
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what rehabilitation is required for whole of site and what is specific to infrastructure or mining areas.  
Using this as a base, we can view our mine water integration as a whole-of-site strategy that is 
underpinned with strategies for mine water management infrastructure at key locations.  

DISCUSSION 
Taking this view, allows for the following to improve integration of mine water management to assist 
in meeting progressive rehabilitation requirements: 

• Segregated mine site planning that can easily be coordinated with each aspect of the 
progressive rehabilitation plan. Sources and the characteristics of the available rehabilitation 
materials, can be coordinated with the mine design (Hall, 2015) along with the shape of the 
final mine or waste dumps, to assist in the rehabilitation design and construction thereof. Such 
plans are best developed in 3D CAD models, with simulation capabilities to identify the best 
sequence of events. Planning, design and construction of the water management infrastructure 
becomes specific and timed for each area. 

• Development of rehabilitation performance criteria and monitoring for various areas at key 
milestones for each area.  This should include rectification or improvement triggers for leading 
indicators, such as action to be taken due to early signs of eroding cover materials and 
ineffective drainage systems.  

• Identification and the use of information/models that already exists. This allows coupling the 
life of mine plan, site water-balance and hydrogeology to model or predict short-term 
performance of the whole of site and also each element of mine water management 
infrastructure. One benefit is the ability to predict the likelihood of achieving the final landform’s 
drainage performance criteria. It also allows adjustments to the ‘drivers’ to improve the design 
if monitoring data reveal problems. Water management monitoring can provide flow rate, 
volume and quality data after each rain event for the monitored rehabilitated area. Smart 
mapping of these and remote sensing data (Soomro, 2015) can be used to get early indicators 
of, and to verify, progressive rehabilitation success.    

• Integration of final land use in every stage of the mine planning and design, including greenfield 
and brownfield mine sites. Where possible water management infrastructure such as access 
roads, pipelines, pumping stations, electrical supply, storage, dewatering bore holes, flood 
levees, diversions and emergency spillways should be designed and constructed to fit the final 
land use. Greenfield sites present more opportunity to get this right, whereas brownfield sites 
can be evaluated to find better solutions to support sustainable outcomes.  

• Develop an integrated rehabilitation schedule based on scenarios. This provides opportunities 
to simulate the rehabilitation schedule to assess the practicalities (durations of tasks, availably 
of cover and erosion protection materials, effects of wet and dry seasons, etc.) of undertaking 
works to achieve the final land use and closure performance. This modelling can assist in 
identifying other opportunities, such as more sustainable repurposing of the site, voids, 
workings or water infrastructure until the rehabilitation activities can commence. 

• Get the most out of stakeholder consultation processes, and draw on the ideas and support 
from the public when dealing with non-use management areas. The stakeholder consultation 
process can be very beneficial to the mine, obtaining buy-in and getting a wider range of ideas 
how to manage these areas to achieve better sustainable outcomes.   

It must be noted that the list above is not comprehensive and would change to suit site conditions, 
the number and type of mine water management infrastructure, climate, etc. There are currently a 
number of progressive rehabilitation and closure plans being developed, which may provide 
assistance in defining and understanding opportunities to integrate mine water management 
infrastructure.   
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USING DESIGN OF EXPERIMENTS TO IMPROVE STRATEGIC MINE 
PLANNING 

 
R Smith1, R Das2, C Poblete3, J Romero4, N Van Der Hout 5 

WW Services Director, GEOVIA Dassault Systemes, Brisbane QLD 4000,Ralph.Smith@3ds.com 
WW Senior Mining Consultant, GEOVIA Dassault Systemes, Brisbane QLD 

4000,Ranajit.Das@3ds.com 
WW Senior Mining Consultant, GEOVIA Dassault Systemes, Chile. Cristian.Poblete@3ds.com 
LATAM Mining Consultant, GEOVIA Dassault Systemes, Chile. Joaquin.Romero@3ds.com 
Long Term Planning Coordinator, Grange Resources, Tasmania. 

Nicholas.VanDerHout@grangeresources.com.au 

Key Words: Robust Strategic Mine Planning, Life of Mine Planning, Design of Experiments, 
Uncertainty analysis in mine planning  

ABSTRACT 
Strategic Mine Planning (SMP) is about solving complex problems with objectives like maximising of 
value, increase in reserves, or other corporate objectives. Along with the fulfilment of economic 
goals, it also considers operational, safety, and environmental restrictions. The traditional way of 
managing the planning process consists of executing some optimisation cycles in silos that consider 
the given parameters and constraints. However, in conventional SMP, there is not enough visibility 
or understanding of the variability of the parameters and their effect on the results.  
To improve the SMP flow, we must differentiate external variables from design parameters. External 
variables are entered as rigid inputs where the planner has no control over their values: they may 
be deterministic, or they may have a certain degree of uncertainty and/or variability over time. On 
the other hand, the design parameters are essential in the planner's decision criteria as they define 
the ranges that sustain all the possible designs of a mine plan. A way to expand our possibilities and 
make the best decision is to open the design options. From there, we can evaluate the effect of each 
design parameter on the results of the simulation results, at the same time, contemplating the 
uncertainty of the external variables. 
This approach is known as the Design of Experiments (DOE), it enables the trade-off the available 
options and reveal the solution space. With a correct understanding of the universe of design, we 
can effectively move towards optimal and robust results, which increases the reliability of our 
decisions and improves our control over the possibilities of the project. Added to a systematic 
methodology, promises to be a substantial change and improvement in the way we carry out 
planning and how we choose our best scenario. 

INTRODUCTION 
The fundamental challenge facing mineral and metal companies is how to create sustainable value 
while operating within mandated strategic bounds, identified constraints, and variable market and 
economic conditions. 
Design of experiments (DOE) is a compelling technique applied in several applications across 
different industries. Its application is not limited to physical experiments; it can be used in simulation 
experiments as well.  DOE can be applied in the investigation of calculated results of complex 
analytical expressions whose parameters can be methodically varied. It can also be applied to other 
decision problems, where the effects of change in several factors can be examined. The origin of 
DOE was in the UK, where at the beginning of the previous century, the method was developed by 
Sir Fisher and was successfully used in agriculture. However, its application in western industries 
was meagre. Another method, termed as “Taguchi methods”, after the founder, and was developed 
in Japan during the 1960s and disseminated in the west during the 1980s, represent a specific style 
of experimental design with particular advantages. 
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STRATEGIC MINE PLANNING 
Mining companies require to generate value and attract investment (financial and social) for their 
mineral assets based on a detailed strategic mine plan. A strategic mine plan must consider several 
parameters. The physical parameters of a mineral resource such as type, nature of mineralisation 
and physical structure (such as depth below surface, shape, extent, dip, surface topography) are 
fixed and do not change over time. However, parameters such as price, costs, stakeholders, legal, 
social, environmental, infrastructural are some that may change over time with social, political, and 
economic evolution. This is the spatial context that encompasses location and associated operating 
environment. The selection of a mineral asset portfolio is affected, in the business context, primarily 
by the perceived financial value such as investment, returns, and mine life, arising from the mineral 
assets. The estimated value of a mineral asset is driven primarily by the physical nature of the 
mineral resource like size, content, and depth, which drive exploitation technology selection. The 
market demand for the products arising from the mineral assets and accepted level of business risk 
in realising the perceived value contribute to the value generation.  
The level of complexity and possible options that arise under these circumstances increases with 
movement from a single commodity, single operation in one country business through to a multi-
commodity, multi-operation, multinational enterprise as represented schematically in FIG 1 (Smith, 
2012). 

 

 
 

FIG 1 - Strategic Mine Planning - Complexity and Options relative to the nature of operations 
(Smith,2012) 

 
To create sustainable value from mineral assets, it is necessary to: 

• Optimise the composition of the mineral asset portfolio to align with strategic and business 
objectives. 

• Create and operate long term assets within an anticipated long term business environment. 

• Create and retain flexibility of short-term tactical response that allows an effective response to 
short term shifts in the business environment. 

To achieve this, it is necessary to: 
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• Allow the fixed physical nature of the mineral asset(s) to drive the definition of the optimal 
objective, which could be to attain goals such as lowest capital cost, lowest operating cost, 
highest efficiency, maximised cash flow. 

• Define and apply different business scenarios to determine possible economic viability under 
different conditions. 

THE HILL OF VALUE CONCEPT 
Mineral resources are finite, non-renewable resource. The optimum exploitation strategy, therefore, 
needs to be dynamic due to the continually changing commodity prices, rate of extraction and life of 
mine over time. The seemingly competing objectives of maximising profit and maximising extraction 
are constrained by the spatial characteristics of the orebody and extraction technology. Trade-off 
studies to evaluate the scale of operation will tend to focus on maximising the production rate that 
can be sustained by the orebody’s geometry. The use of discounted cash flow analysis allows for 
the impact of varying price and discount rates over time.  
The economic life of mine for a mineral resource is thus a key decision variable, which is primarily 
driven by the rate of extraction, with the optimum strategy encompassing the entire resource. The 
optimal strategy should be focused on the exploitation of the entire resource to maximise the present 
value. However, the challenge is to find the optimal point, which achieves the objectives over the life 
of a mine. In other words, maximising value over time requires the optimisation of each subsequent 
extraction step under an environment with continually changing market predictions and operating 
conditions. 
The problem can be compared to climbing a hill where the topography is contingent on three aspects:  

i. the geological characteristics of the resource such as size, grade, spatial characteristics,  
ii. the scale of operations such as mining, concentrating, smelting, and refining rate, and  
iii. the prevailing market conditions such as metal prices, exchange rates and working costs etc.  

The topography of the ‘value hill’ is thus a function of the mineral resource, its depositional 
environment, exploitation strategy, pre-existing infrastructure, and associated constraints. If the peak 
of the hill represents the potential extractable value of the resource, the maximum value 
(optimisation) implies taking the shortest (or steepest) route to the top. The top can also be reached 
by longer, less steep routes (different time periods, capital profile, etc.) and as such the gradient of 
these optimisation approaches offers a relative indication of the inherent risk associated with options 
to achieve the peak. 
This ‘Hill of Value’ concept (Hall, 2003) can be reduced to an X-Y-Z chart representation where the 
X-axis represents the extraction rate (the scale of operations dimension), the Y-axis the cut-off grade 
(the geological characteristic dimension) and the Z-axis is value (the financial aspects). The value 
surface created then shows the overall relationship between the value and the two variables of the 
scale of operation and geological characteristics. A hypothetical ‘Hill of Value’ is indicated in FIG 2. 
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FIG 2 - Conceptual diagram, ‘Hill of Value’ (adapted from Smith and Ballington, 2005) 

 
Uncertainty in the external planning parameters such as commodity/metal pricing, exchange rate 
and relative inflation requires that investment decisions should embrace the concept of scenario 
evaluation or DOE to assess the sensitivity of a project to these external parameters. A range of 
techniques exist to develop scenarios, and only one technique has been considered in the context 
of this paper. It is, however, necessary that at least three scenarios are considered in a strategic 
mine plan, an upside, the best estimate, and the downside to understand potential strategic bounds: 

• Upside scenario—this scenario should embrace a justifiably optimistic perspective on metal 
pricing and all pertinent economic parameters. 

• Downside scenario—the alternate view to the upside scenario encompasses situations such 
as price or quantity depression resulting from reduced market demand, oversupply and/or 
substitution. 

• Best estimate—the best estimate scenario should reflect the most pragmatic view of the 
project. 

The application of simple ‘plus 10%, minus 10%’ scenarios does not adequately address 
interdependencies between key variables. For example, a sustained 10% increase in metals prices 
will result in an increased capital escalation. 
The best approach here is to evaluate or experiment with all possible scenarios of “what if” using 
DOE.  
As a complement to the exercise developed by Hall, this paper uses automation of the execution of 
each scenario with commercial, standardised mine planning tools so that the results are reliable, 
reproducible, and feasible to be operationalised. The execution of thousands of scenarios and plans 
allows the effective measurement of sensitivity to uncertain external variables such as prices, costs, 
which makes it possible to assess the robustness of strategic definitions for each point on the 
surface. 

DESIGN OF EXPERIMENTS   
Design of experiments is a statistical technique that quantifies and verifies an effect's causes within 
an experimental study. In mining engineering, it is a relatively new concept.  However, this has wide 
use in automated industries, where the relevance of process quality control and the search for a 
system's efficiency predominate. It has endless applications in the design of products, mechanical 
parts, minimisation of losses and industrial processes, making it a key tool to advance human 
progress. 



12 

In a DOE, one or more variables, linked to causes, are manipulated according to criteria to measure 
the effect on a product's performance or process. It also has a series of guidelines about the nature 
of the variables to be manipulated, in which ranges and how many times, to establish with a certain 
degree of confidence the behaviour of the cause-and-effect relationship on the process in question. 
Once we have a comprehension of the effect of the variation in ranges of variables and their results, 
we understand this solution space, enabling us to explore the options that define our design universe. 
It is essential that there is a clear definition of feasible or within the achievable limits, where the initial 
sample of variables is limited and involves the correct parameters to evaluate. Besides, the 
interdependence of the variables must be verified to avoid simplifying the problem that leads us to 
results deviating from reality. 
Once these DOE exercises have been generated, we can understand which variables have a greater 
effect or influence on the results. We can define optimisation objectives for a complete process. 
In the last few years Dassault Systems have worked on the implementation of DOE within the 
strategic mining planning process, which is composed of a set of optimisation tasks or processes 
that seeks to maximise a corporate objective.  Whatever this objective, it is possible to package this 
series of processes in a workflow where control of the key variables is taken, and simulations are 
carried out to understand the possible outcome options of our plan. 

ROBUST DESIGN 
Total Quality Management (TQM), a concept initiated by the Department of Defence (DoD) and 
National Aeronautics and Space Administration (NASA), has been a revolutionary management 
strategy in reducing cost and assuring quality.  TQM requires extensive use of statistical tools.  Dr 
Taguchi has employed Design of Experiments (DOE) as one of the most significant tools of TQM.  
Taguchi methods have been successfully used in Japan and United States to optimise designs for 
performance, quality, and cost in areas of automobiles and consumer electronics (Cullen and 
Hollingum, 1987; Logothetis and Salmon, 1988; Sullivan, 1987; Wille, 1990). 
The methods of Dr Taguchi seek to design products or processes which are robust to causes of 
quality problems. The three steps of quality by design are system design, parameter design, and 
tolerance design (Taguchi, 1986). 
In System design, once a set of initial conditions have been selected, the next step is parameter 
design. The objective is to select the optimum level for the controllable parameters such that the 
product or process is: 

a) functional,  
b) exhibits a high level of performance under a wide range of conditions, and  
c) is robust to noise factors that cause variability.   

Taguchi's approach to parameter design provides the design engineer with a systematic and efficient 
method for determining near optimum design parameters for performance and cost (Kackar, 1985; 
Phadke, 1989; Taguchi, 1986). 
There are other possible methods of selecting points to experiment in a DOE – One such method is 
Latin Hypercube. Latin hypercube sampling (LHS) is a statistical method for generating a near-
random sample of parameter values from a multidimensional distribution. The sampling method is 
often used to construct computer experiments or for Monte Carlo integration. 
Latin Hypercube: Number of levels for each factor equal to a number of points with random 
combinations.  

• Advantages:  
o This allows many more points, and more combinations can be studied for each factor.  
o The engineer has total freedom in selecting the number of designs to run as long as it is 

greater than the number of factors. 

• Disadvantages:  
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o They are not reproducible unless the same random seed is used consecutively.  
o As the number of points decreases, the chance of missing some regions of the design space 

increases.  

ROBUSTNESS IN MINE PLANNING 
When we carry out the strategic planning process, it is made up of different optimisation stages, in 
which there is not necessarily an integration of them as a complete system. The traditional approach 
divides the solution into consecutive steps instead of addressing the whole problem; it firstly 
addresses the spatial aspect, which includes final pit determination and preliminary phase sequence, 
and then solves the time issue associated with mined block scheduling. However, suppose we 
observe a point optimisation, many times. In that case, we look for an optimum, without having 
visibility of his neighbourhood, and maybe it is in a weak position, and a small variation concerning 
the established design parameters may suffice for the value can fall very easy. 
It is then when it becomes necessary to find an area or neighbourhood that guarantees us greater 
stability in value. Finally, we look for a "new optimum" subject to uncertainty with a higher mean and 
a lower standard deviation. 

 
FIG 3 - Robust design and optimisation - (Rolls-Royce 2011) 

In strategic planning, it is handy to think of it as a process or product which is defined by external 
variables in which the planner only receives inputs.  In many cases, there is uncertainty regarding 
their real values and their behavior over time and design parameters typical of the planner's 
decisions. 
When we combine these elements to build our plan, a small variation in both the external variables 
and the design criteria may, in some cases, have a relevant impact on the results. That result will be 
challenging to model, given the number of dimensions involved and the non-linearity of the problem.  
Therefore, it is necessary to simulate hundreds of scenarios to obtain an understanding of the 
relevance of each variable, along with how to have better and more robust results. 
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FIG 4 : Process Vision for Strategic Mine Planning 

CASE STUDY 
The Design of Experiment (DOE) approach in strategic mine planning has been applied to dozens 
of projects globally.  It was recently applied at Grange Resources’ Savage River iron ore mine in 
Tasmania, Australia to study different aspects in the project such as: 

• The sensitivity of the slope angle error to the block size and number of benches when 
conducting pit optimisation in GEOVIA Whittle™. 

• The impact on the discounted cashflow due to the starting location and the direction of pit 
development.  In the DOE 1,600 scenarios were generated for each of the two pits.  The DOE 
identified pit sequences with increased cashflow than previously identified using standard non-
directional pit shells to guide detailed practical pit design and scheduling.  

• Simultaneous optimisation of the pit development sequence was completed including cut off 
grades, stockpiles, and scheduling of the two pits using Whittle Simultaneous Optimisation. 

• Analysis of mining capacity and its distribution by period was completed to find the optimal 
combination within the current fleet limits and the impact of increased production capacity. 

Fifty simulations were undertaken for slope angles.  The simulations allowed assessment of the 
sensitivity of slope angles for each of the zones within each of the pits and the subsequent impact 
to the operations production profile and Discounted Cash Flow (DCF).  Typically, open pit 
optimisations only consider a base case angle set with maybe a couple of variations.  This approach 
normally does not explore the impact of small changes in each geotechnical zone profile and it does 
not identify which zone has the largest impact on DCF.   
Centre Pit for example had 6 geotechnical zones each with a different recommended overall slope 
angle profile.  From the results of DoE, run in Simulia Isight and shown in FIG 5, Slope Profile 3 was 
identified as having the largest impact on subsequent pit value.  Hence, it was recommended from 
a cash flow value perspective that future geotechnical studies should be focused on this profile as it 
has the largest financial risk and reward.   
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FIG 5 Self Organizing Graphs and Pareto Plots from Simulia Isight 

Once the pit slopes were analysed for both the pits, the next step was to find the best starting point 
and direction of expansion.  1600 sets of pit shells per mine were analysed covering a range of 
different start points and different direction of mining.  
In order to find the best start point and pit development direction 200 starting points were evaluated 
each with 8 directions, generating 1600 sets of pit shells.  The performance was then evaluated and 
presented as a value map (FIG 6).  Manually one can only choose an arbitrary point and a direction 
based on experience and knowledge of deposit, but by building a value surface with all the scenarios 
there is the opportunity to detect better candidates and potentially unlock hidden value that could not 
easily be identified manually. 

 
FIG 6 : Evaluation of start points and Direction of Mining for North Pit, Savage River Project 

Once the best identified starting location and pit development direction was finalised and pushback 
phases where selected a further DOE was run to determine the best distribution of mining capacity 
between North Pit and Centre Pit that could provide a consistent level of finished pellet production. 
This experiment also included looking at varying levels of cut off along with changes in mining 
capacity to create a Hill of Value surface, as shown in FIG 7. The results were able to provide 
scheduling guidance for each year on how the mining fleet should be distributed between the two 
pits to provide the highest discounted cashflow.  
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FIG 7 - A change in Mining Capacity to create a Hill of Value surface 

CONCLUSION 
The article gives insight into how the design of experiments can give a broader vision of the 
possibilities that a mining project has, which allows increased strategic definitions and confidence. 
The case study shown is one example where it has been possible to show the interdependence of 
key variables and how these can positively impact the economic value. 
The revelation of the design universe enables discovery of new options that increase value and 
improve operational characteristics such as strip ratio, production levels, slope angles, mining 
starting point and direction of advance, the shape of the pit phases, etc. Having different alternatives 
also provides more options to better face uncertainties from different sources and from nature of the 
markets. 
The simulation of scenarios, the integration of the process, the optimisation, and the incorporation 
of uncertainty is not a silver bullet. The DOE still requires good engineering analysis. This includes 
a workflow that considers all the operational constraints, a good definition with validated inputs and 
ranges, and good modelling of uncertainty. All this, together with the ability to automate and run 
hundreds or thousands of scenarios in a short time, completely changes the way we do the planning, 
thereby generating more robust and reliable plans. 
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ABSTRACT  
Mine closure regulations are progressively tightening as a systematic response to poor closure 
outcomes and a gap between expectations and performance of planned reclamation. Mining 
companies must assess and manage mine closure risk for both current and future regulatory 
environments by blending tactical responses with strategic positioning for greatest resilience. As 
more miners are moving towards better-integrating closure planning into regular mine planning 
cycles, what can be lacking is an effective method of ranking the risks of different scenario options. 
The Mine Closure Risk Ratio (MCRR) is proposed as a simple method of measuring Life of Mine 
risks related to mine closure. MCRR is a decision support metric used to integrate mine production 
and closure considerations when evaluating all business plan scenarios. 
By applying a “Maturity Model” to key risk drivers, planners can use MCRR as a strategic risk overlay 
that can be used with other project decision metrics to produce risk-weighted trade-offs. MCRR 
clearly illustrates the strategic risk trajectory for selected business plans and highlights opportunities 
to minimize exposures. 
Investors, boards, executives, and operations can use MCRR to: 

• Make informed, risk-weighted asset strategy decisions (buy / hold / drill / develop / operate / 
divest / close). 

• Provide assurance around strategic risk mitigation and ethical investment outcomes. 

• Balance and trade-off operating cash flow vs balance sheet liability. 

• Devise a concurrent reclamation strategy that has the greatest impact on closure liability. 

• Monitor ‘closure runway’ i.e., time until expected cash flow from the deposit is exceeded by 
closure costs. 

• Manage the risk of unplanned closure and / or unplanned erosion of asset value. 

• Set risk trigger levels and key performance indicators to enforce consideration of closure 
impacts in operational decisions. 

MCRR applies to resource assets with potential for economic exploitation and sale of mined 
products. It is not applicable for depleted or abandoned assets, or downstream / stand-alone 
processing facilities and infrastructure. It can be calculated for any mining asset either as a one-off 
(asset valuation / mergers & acquisitions) or as a regular output from business planning.  
In best practice, MCRR is output from integrated Life of Asset mining production and closure 
planning system. An integrated mining and closure planning system is more likely to generate MCRR 
inputs at higher Maturity Model levels thereby reducing risk, however strategy and considerations 
for implementing such systems is beyond the scope of this document. 
The MCRR approach is a strategic risk overlay for current and future mining assets to quantify the 
risk associated with closure cost and closure outcomes. It has two key components: 
 

1. A ratio calculation graphed for each year of the life of an asset: 
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2. A Mine Closure Maturity Model providing a risk range overlay to the predicted Closure Costs 
and MCRR 
MCRR is calculated as follows: 

𝑀𝐶𝑅𝑅!"#$	& =	
𝑁𝑒𝑡	𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒	𝑉𝑎𝑙𝑢𝑒	(𝑁𝑅𝑉) = ∑𝑁𝑒𝑡	𝐴𝑠𝑠𝑒𝑡	𝐶𝑎𝑠ℎ𝑓𝑙𝑜𝑤	

𝐶𝑙𝑜𝑠𝑢𝑟𝑒	𝐶𝑜𝑠𝑡𝑠	(𝐶𝐶)!"#$	&
 

 
Net Recoverable Value: Net asset cash flow in real terms, summed from the reporting year for the 
life of the asset. The Cash flow calculation is inclusive of Concurrent Rehabilitation  costs. Cash flow 
calculations may include anticipated return of financial surety provided to cover Closure Costs, 
depending on the jurisdiction. 
Closure Costs: A ‘blended’ estimate of closure costs outstanding as at the reporting year. This uses 
the ICMM ‘Life of Asset closure cost estimate’ allowances for owner operator costs, however, is also 
calculated in pre-closure years similar to the ICMM ‘Sudden closure cost estimate’.  This recognizes 
anticipated cost efficiencies realized through planned Concurrent Rehabilitation. This calculation 
includes an allowance for Residual Risk or jurisdictional equivalent. 

 
Figure 1 - Mine Closure Risk Ratio 

Figure 1 maps Net Asset Cash flow, Closure Costs and the resultant MCRR. In this simplified 
example, there are three zones of interest: 

1. When MCRR is much greater than 1, future cash flows of the operation greatly outweigh the 
estimated Closure Costs. At this stage of the mine life, the MCRR illustrates the trajectory of 
liability generation relative to cash flows.  

2. As MCRR approaches 1, companies are nearing the tipping point where future expenditure 
on Closure Costs are matched by the remaining cash flows expected to be generated by the 
asset.  The time remaining before the tipping point is referred to as the remaining ‘closure 
runway’. There are limited options to proactively mitigate costs and improve outcomes once 
the tipping point is reached.  

3. From the point where MCRR = 0 onward, cash flow for funding closure activity needs to be 
from sources external to the Asset. This is a critical juncture due to the potential draw on the 
cash flow from other areas of the business and the impact on asset valuation. 

A Mine Closure Maturity Model is used to generate a risk range for each Closure Cost type by 
assessing the quality of individual closure Assessment Items.  The risk ranges should be based on 
industry examples and reconciliation of actual closure cost outcomes.  
MCRR is used alongside other decision metrics (e.g., NPV) to evaluate the resilience of a given 
scenario for an asset. As the ratio decreases, the risk of the asset becoming a cash flow drain on 
the enterprise increases, especially in the context of cyclical revenue or cost fluctuations.  
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Put simply, boards, executives, and asset strategists need to understand as soon as possible if the 
deposit may not generate enough cash to cover its own closure costs plus residual risk 
considerations, net of financial surety. This is a dynamic position over time and hence requires 
forecasting with a risk overlay provided by the Maturity Model to accurately estimate ‘closure runway’ 
remaining.  
Trigger Action Response Protocols (TARP’s) can be set if desired to ensure escalation to boards 
and executives of scenarios that may lead to high-risk outcomes.  
The key benefit of using MCRR as a risk overlay is it provides a clear metric to drive positive 
behaviours to minimise closure liabilities and risk, while retaining operational flexibility. 
MCRR delivers a fit for purpose metric aimed at supporting business decisions by mitigating risks 
characterized by tightening regulatory trajectories in response to poor closure outcomes and 
concurrent rehabilitation performance. Implementation is flexible, allowing companies to calibrate 
this measure for specific risk appetites and context. Maximum benefit accrues to companies that 
align this methodology with governance, reporting transparency, science and technology continuous 
improvement, organizational capability strategy and operational KPI’s to assure validity for asset 
strategy decision support.  
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ABSTRACT 
In a changing environmental and social climate, water management on mine sites has become a 
critical issue. Often water may only be seriously considered during closure planning, or after a rain 
event or incident as the process can often be difficult and time-consuming. This reactive, rather than 
proactive planning approach can have costly impacts both from an environmental and economic 
perspective.  
For many operations, water planning, and management primarily occurs in the medium to long term 
planning space, executed offsite by either a central water planning team or outsourced to 
consultants. Offsite and external personnel often struggle to obtain the most up to date topographical 
data and may not have the in-depth site-specific knowledge that a site’s short-term planning team 
will have. Due to this, the process of updating water catchment areas, and providing advice on 
recommended changes to water management structures can be a costly, and time-consuming 
process, with results that could quickly be out of date with any changes to a mining and dumping 
plan.  
Mine planners are often in a situation where seemingly minor design changes are made without any 
consideration of water planning, leaving sites exposed to the potential of either regulatory 
infringements, or costly operational issues. By incorporating water catchment analysis into mine 
planning processes and workflows, scenario analysis can be performed to consider the merits of 
alternative water management structures and plans and the impact that they may have on water flow 
on a particular planned topography. This should ensure that an optimised mining plan, also features 
an optimised water management plan.   
Areas that will be covered in this presentation include: 

• Key design elements from a mine plan required to evaluate water catchments. 

• Evaluation of water catchment size, location, and connection to other catchment areas. These 
inputs can then be used to calculate sediment erosion loss, and rainfall-runoff volumes as well 
as provide inputs into water balance models.  

• What kind of water catchment analysis can be run before a forecast rain event? What additional 
water management structures could be put in place and how will they impact the water 
catchment? 

• Wet weather recovery planning including the quantification of the impacts of wet weather 
events on production. Will this rain event require equipment to be mobilised to higher ground? 
If a pit does end up flooded how long will dewatering take? 

• Evaluation of possible solutions from both a water management and mine planning 
perspective. What impact does a change in the mining schedule have on dump and road 
formation and how does this in turn impact mine affected water runoff? If a pit expansion is 
undertaken will further water management structures be required for pit protection? 

• Rapid assessment of the impacts of alternate mine plans and water management plans, 
through a scenario-based analysis of base case mine plan versus a water optimised mine plan. 

• Interactively identifying and quantifying area requirements for sediment and erosion control. 
Mine planners should now be able to rapidly assess sediment and erosion control 
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requirements for each mining scenario. This allows planners to analyse a range of sediment 
basin locations and footprints to find the optimised result prior to engaging consultants or other 
professionals to execute detailed design work. 

• Auditing of water structures – are they correctly located to ensure water flows are directed to 
the desired end point? Is a drain or a bund the best way to redirect water from an active mining 
area?  

• Stakeholder engagement – the impact on water catchments of each analysed scenario can be 
communicated visually to all stakeholders.  

We envisage that water planning can be an additional step in the mine planning process. Simplifying 
and automating the processes for assessing the potential impact of a change in mine plan on a water 
catchment allows planners the ability to identify risks, examine what-if scenarios, and rectify potential 
water related issues in the plan before they occur. 
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INTRODUCTION  
Being able to “walk away” with no further obligations upon mine completion is arguably an idealist 
closure vision. In practice, this outcome is difficult to implement due to a variety of governance and 
site factors. Some of these include ambiguous or absent regulatory mechanisms for custodial 
transfer, a disconnect between mine planning and closure planning models, and compliance-driven 
behaviour where closure obligations that are not well aligned with closure risks. As a result, there 
are few global success stories compared to the number of mine assets currently in care and 
maintenance. Something needs to change. 
We discuss some of the recent policy updates in Australia and how these compare to other key 
global guidance. We identify gaps between what we understand from the various guidance 
documents and toolkits and what is undertaken in practice; gaps between mine planners and closure 
practitioners, and potential areas for improvement that are highlighted by recognised success 
stories. We believe that by understanding these challenges, our ability to “do closure” will greatly 
improve. 
Numerous Australian jurisdictions have recently updated policy and guidelines associated with the 
progressive rehabilitation and closure of mine sites and the financial provisioning for such activities. 
The driver for these updates are predominantly associated with lessening the financial risk/burden 
on state and federal coffers while increasing environmental performance. The updates  are generally 
risk and outcomes based rather than process driven. Together with the multitude of international and 
company specific guidelines and toolkits, there is a wealth of closure planning guidance. Additionally, 
specifically associated with tailings dams, and following the recent global dam failures in Brazil and 
British Columbia, there has been increased focus on the management and dam safety of tailings 
dams. Various mine operators are conducting global governance-based reviews of existing tailings 
structures to assess potential areas of higher risk with a greater focus on closure and implementing 
risk-reduction programs. Furthermore, a new global tailings standard has been introduced that sets 
clear expectations around safe closure design and post-closure criteria which adds to the information 
available. 
A review of the guidance documentation shows that no single jurisdiction appears to have an ideal 
model for custodial transfer, yet all have aspects of risk minimisation through planning with closure 
in mind and clear communication with stakeholders. They also allow for concurrent (progressive) 
rehabilitation and updates to be made to closure plans as more knowledge becomes available and 
technological advances are made. However, perhaps the biggest challenge is planning with closure 
in mind - mine operating plans often don’t reflect realistic closure plans and/or costs or do not have 
clear conditions and completion criteria). 
Fundamental to integrated mine closure is the need to own closure as an integral part of the core 
business of all mine operations with closure costs incorporated into the business feasibility. This 
together with a single, clear, specific long-term closure vision, early planning and involvement of all 
stakeholders (internal and external including regulators and the community) appears to be key to 
some of the success stories including: 
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• Glencore Coal assets which are required, on an annual basis, to prepare an Annual 
Rehabilitation and Closure Plan (ARCP) ensuring that closure activities are budgeted and 
resourced appropriately. The key performance indicators (KPIs) identified in the ARCP are 
linked to performance bonuses. 

• The Anglo Closure Toolkit which highlights the need for early planning and integration into the 
mining life cycle. 

• Mt McClure (Newmont) where risk assessments were undertaken early with staff who would 
be involved in rehabilitation activities were taken on site visits to benchmark and assess the 
feasibility of options. 

• Bottle Creek Gold Project (Rio Tinto) where although closure was unplanned, a robust and 
verifiable process to monitor and demonstrate completion of criteria ensured success. 

• Beenup (BHP) had a clear closure philosophy which was developed with various stakeholders 
ensuring early engagement and commitment to an end vision. 

Analysis of these successes identify some areas for improvement including: 

• Increased importance placed on the closure vision and planning is required as part of project 
financing and resource and reserve estimate reporting. This core vision helps focus how we 
access the mineral deposit, where and how tailings dams are constructed, and waste rock 
stored. Improved integrated planning models and accountability for mine planners (i.e., mine 
engineers and geologists) to plan and operate with this closure vision is fundamental.  

• Closure planning should follow mine planning with the same design accuracy (i.e. during pre-
feasibility, the closure plan should also be in pre-feasibility) with options for closure assessed 
during the alternatives analysis. The closure plan should have defined and achievable 
conditions/outcomes even if the specific targets or completion criteria change and methods to 
achieve them are refined occurring on a regular basis as technology and knowledge improve.  

• Shifting the focus from landform design and progressive reclamation to long-term legacy 
closure objectives that should take precedence in an objectives hierarchy/closure risk profile 
(e.g., geotechnical, water management, geochemical stability). Early-stage mine planning 
tools are important to help bridge the gap between mine planning and mine closure 
practitioners.  

• Better integration of mine planning models and sharing of datasets is needed to inform water 
management and reduce post-closure residual risk. This extends to different companies 
sharing regional development using outputs from programs such as the Australian CRC-TiME. 

Although we are moving the right direction, with a larger focus on progressive rehabilitation 
certification and a movement towards a post-closure residual risk model, being able to relinquish 
responsibility still appears challenging for many mine sites. However, the success stories highlighted 
above show that the gaps between mine planners and closure practitioners are narrowing with both 
parties increasingly understanding the need for an integrated approach with a closure objective that 
is properly developed and updated, resourced and budgeted for on a regular basis. This positive 
momentum is important to build on so that ongoing trust between the industry and communities can 
be maintained into the future. 
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ABSTRACT  
OZ Minerals’ Carrapateena mine is one of Australia’s newest ‘greenfield’ mining deposits. It will be 
a 4.25 Mtpa sub level cave underground operation, with an estimated mine life of 20 years.  
The integration of stakeholder values to inform project development influenced the social and 
environmental outcomes. A Native Title Mining agreement was developed in 12 months. Project 
primary approval was obtained 12 months from submission, with achievable licence conditions and 
one public comment. The project moved from a Pre-feasibility Study in 2016 to construction in 2018. 
Following recent international dam failures, the Tailings Storage Facility (TSF) was a focus for 
Government approvals and stakeholder engagement. Significant effort was made into understanding 
the science around potential effects, impacts and risks. A leading practice Impact Assessment 
Framework that identified Sources, Pathways and Receptors was applied. A process of failure mode 
identification and layers of protection analysis was undertaken for robust design controls at each 
stage, while simultaneously transitioning between downstream and upstream discharge 
arrangements.  
Participatory selection of the TSF site and design layout was critical in managing project costs and 
environmental constraints, and in incorporating cultural heritage constraints and technical risks.  

INTRODUCTION  
Resource developers must increasingly demonstrate legitimacy and earn the trust of its stakeholders   
to receive the metaphoric ‘social license’, in addition to the statutory legal licenses required.  
Broadly, robust engineering and demonstrated science are now a precondition for development, not 
the precondition. Two equally important and complementary preconditions for resource developers 
(especially those developing, operating, maintaining and closing tailings storage facilities and 
storage dams) are, robust engineering and stakeholder ‘consent’.  
On February 12, 2002 The United States Secretary of Defence Donald Rumsfeld stated: 

“there are known knowns; there are things we know we know.  

We also know there are known unknowns; that is to say we know there are some things we do 
not know.  

But there are also unknown unknowns—the ones we don't know we don't know. And if one 
looks throughout the history of our country and other free countries, it is the latter category that 
tend to be the difficult ones…”  

This quote strikes at the heart of a ‘no assumptions, no surprises’ approach.  
Evaluating and addressing uncertainty whilst demonstrating the ability to create real and enduring 
value for stakeholders is the new norm.  
 
Risk is commonly increased when context is not adequately assessed and considered, and a 
‘decide, announce, defend’ development orientation is applied. Often, the professional competence 
for analysing and understanding socioeconomic and socio-political circumstance required to 
demonstrate consistent respect and behaviours towards our host communities and earn their trust 
in the process and project is not demonstrated in parallel with technical competence (Harvey, 2017). 
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The science is not incorrect, rather, it may not be understood or negatively interacts with stakeholder 
values in practical application. Davis and Franks (2014) provide a sample of how this decoupling 
can manifest, citing 50 extractive projects globally in the past decade where 20-30% have been 
delayed, suspended or curtailed because of one form of social conflict or another. 
	
This paper provides a summary of key learnings and insights from the development of OZ Minerals’ 
Carrapateena mine, one of Australia’s newest ‘greenfield’ mining deposits, a 4.25 Mtpa sub level 
cave operation with an estimated mine life of 20 years, which is ramping up to full production in 2020.  

Macro Context 
Mineral and energy developments profoundly transform environments, communities and economies 
and can often generate social conflict (Davis and Franks 2014). Traditional risk orientations are 
threat focussed and seek to restrict or contain stakeholders, rather than act as an opportunity to 
define and develop shared value opportunities to facilitate and expedite development.  
The safe, effective and economic storage of tailings, water and waste is now a material issue for 
stakeholders. Recent events have demonstrated that negative environmental impacts – such as 
tailings dam spillages – have global ramifications and can generate significant negative social 
impacts on local community health and livelihoods. Conversely, robust, co-developed and governed 
TSFs are critical elements of many processing streams that enable broader social value from 
resource extraction for host communities.  

Context – Carrapateena   
OZ Minerals’ Carrapateena mine is approximately 250 km south east of its Prominent Hill mine in 
South Australia’s Gawler Craton. Carrapateena, whilst having a different production profile, was able 
to leverage the existing ‘social licence’ and build on learnings from Prominent Hill’s social 
performance.  
By applying previous learnings during Carrapateena’s development, OZ Minerals developed an 
assessment framework that supports the management of environmental and social risks through a 
project’s lifecycle in a procedural, transparent and replicable manner. This procedural orientation 
enabled the successful integration of approvals and social performance strategies, and facilitated 
Carrapateena’s movement from a Pre-feasibility Study in 2016 to construction in 2018 to achieving 
first saleable concentrate production in Q4 2019. 
A key learning has been that Carrapateena was approved on the back of robust science and 
engineering (Precondition One) but equally as important was the process of working with  
communities to build the knowledge, awareness and capability to address real and perceived 
opportunities and threats (Precondition Two).  

Precondition one – robust science - Government approvals processes 
An Impact Assessment Framework that identified Sources, Pathways and Receptors (S-P-R) was 
applied.  

Government relations 
High frequency and structured meetings with government agencies provided transparency during 
project development; demonstrating how impacts were being assessed and working through issues 
as they arose. Assumptions were tested through this process and final submissions provided no 
surprises to the government assessment teams.   

Impact Assessment Framework 
OZ Minerals’ assessment framework is based upon the distinction between impact (planned event) 
and risk (unplanned event). The key difference between undertaking a risk assessment and 
completing an impact assessment is the Environmental or Social Impact Assessment.  
Risk: The impact of uncertainty on objectives (ISO 31000:2009). It consists of two components –  
consequence and likelihood. 
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Impact: Any certain and defined change to a receptor, whether adverse or beneficial, wholly or 
partially resulting from a source affecting a pathway. 
Uncertainty that exists through the impact assessment may relate to several areas and can include: 

• inputs associated with the options that remain as a part of the project description 

• the breadth and scope of the baseline studies 

• the science undertaken in the determination of the magnitude of the effect or the impact.  
The Impact Assessment Framework builds on the foundation of an S-P-R model, adjusted to 
articulate the effect to pathways and impacts on receptors as represented in Figure 1. An S-P-R 
linkage assessment subsequently identifies when an impact significance assessment is required to 
be undertaken (i.e. when an S-P-R linkage is confirmed) for a receptor.  

• Source: A project element that can interact with the environment. 

• Pathway: The medium by which the effect originating from the source reaches a receptor. 

• Receptor: A discrete, identifiable attribute or associated entity that can be measurably 
impacted by an effect to a pathway. OZ Minerals considers its stakeholders (employees, 
communities, shareholders, government and suppliers) to be receptors in its risk specification.  
 

 
FIG 1. OZ Minerals – Source, Pathway, Receptor 

 
The key outputs of the assessment framework are: 

• Identifying credible potential S-P-R linkages (planned events) and providing enough 
justification behind the statement of impact, including an explanation of any uncertainty. 
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• Evaluating the role of controls in the design, their position in the hierarchy, and assessment of 
those design controls that are fundamental to achieving the Outcomes. 

• Identifying other legislative requirements. 

• Determining materiality of any potential impact as a result of stakeholder consultation. 

• Assessing the impact significance and justifying why if deemed ‘not significant’ that this is 
correct, and if ‘significant’ why this is acceptable. 

• Assessing impact uncertainty by stating any uncertainty, in any element of the assessment, to 
develop a statement of impact. 

• Assessing the relevant risks (unplanned events) that may occur that mean an Outcome may 
not be achieved. 

• Developing proposed lease conditions and providing any consultation that occurred on these 
conditions. 

Precondition two – Social Licence to Operate  
‘Social licence’ is defined as the level of acceptance or approval of an organisation’s activities 
(Boutilier and Thompson, 2019) and there has been a rapid rise in stakeholder-related risks in the 
extractive sector over the last two decades (Davis and Franks, 2016). The Equator Principles and 
Sustainable Development Goals are indicators of the increased assessment from shareholders, host 
communities and lenders, who are exercising their interest in where, when and how projects are 
developed. Local communities’ reactions to these impacts can quickly escalate from complaints to 
protests and road blockades, resulting in risks to the company or its security providers that can lead 
to even more serious impacts, such as injury or even deaths (Davis and Franks, 2016, p 6). ‘Complex 
Orebodies’ (Valenta et al, 2018) is now a term in the resources sector synonymous with economically 
valuable resource deposits constrained by stakeholder and social risks.  
Threat-based, unassessed, transactional or misunderstood social risk can constrain the legitimacy 
and effectiveness of management strategies. The intuitive knowledge is that alienating local 
communities can result in the risk of project delay or suspension through community conflict, and 
there is increasing quantifiable verification of this (Harvey, 2017).  
Fundamentally, risk and loss aversion (the preference of avoiding losses rather than acquiring 
equivalent gains) are common decision making traits; the inclination to oppose something that is not 
understood. This disconnect can be seen when there is a divergence between resource developer 
and stakeholder values, and may be precipitated through conflict. ‘Contingent consent’ further 
demonstrates this – communities may be willing to accept negative social impacts on the basis that 
these are outweighed by the positive consequences (Owen and Kemp, 2016). Managing this 
interaction procedurally provides an opportunity, as ‘consultation’ if left to the latter part of the project 
development cycle (decide, announce, defend methodology), may result in surprises that translate 
to impacts on cost, schedule and trust.  

Opportunity based orientation to development 

Legitimacy, trust and acceptance – partnering for Shared Value, Mutual Obligation outcomes 
As highlighted in the recent EY report ‘Top 10 business risks facing mining and metals 2019-2020’, 
‘Social licence to operate’ is the number one risk to businesses. 
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FIG 2 – Social Licence Development Process 

Stakeholder Values 
Traditional risk processes assess stakeholders in terms of threats. This has often been reciprocated 
by communities and land connected indigenous peoples. How the Kokatha people, traditional 
owners of the land Carrapateena operates on, and OZ Minerals have worked together demonstrates 
that there are opportunities for value creation with stakeholders.  
 
The S-P-R process considered stakeholders as receptors and allowed for consultation and 
assessment of potential impacts to the development and design of the project (no assumptions). 
This provided a framework for early and participatory co-development of infrastructure alignments 
(source) and footprints (pathways) that drew on local knowledge (receptors).  
This approach changed the orientation of the project’s development by:  

• incorporating and protecting stakeholder value 

• reducing conflict, schedule, rework  

• minimising the likelihood of public submissions against the project by addressing concerns and 
realising opportunities in the design process (no assumptions), which were reflected in ‘social 
contracts’ (no surprises). 

A critical determinant of success was having stakeholders inform Carrapateena’s development. 
Kokatha and OZ Minerals commenced the agreement making process prior to the Feasibility Study 
being completed, concurrent to much of the cultural heritage/land access and project design work. 
Consequently, stakeholder views, knowledge and histories informed how agreements and regional 
infrastructure were developed, reducing the likelihood for conflict and enhancing shared value 
outcomes.  

Leading Practice Governance 
A leading practice independent auditing and governance framework was implemented in the 
construction, operational and closure phases for continuous assurance through public reporting of 
compliance with design criteria. This provided confidence that the design and operational 
performance of the facility will be a geotechnically stable, non-polluting and safe landform during 
operations and post-mine completion. 
The auditing framework was co-designed with the Government to ensure ongoing confidence in the 
construction, operation and closure of the mine. This goes above and beyond the minimum relevant 
standards.  

‘Social Licence 
to Operate’

• Earned Trust and legitamacy
• Sustained quality contact
• Sustained procedural 

fairness
• Sustained dstributional 

fairness
• Structured, transparent and 

collaborative review

“Social 
Performance” 
(Asset Work – do 
what we say we 

will do)

• Local employment performance
• Local Procurement performance
• Health and safety performance
• Environmental protection
• No impact to heritage sites
• Stakeholder value delivered

“Social 
Contracts”

(Agreements on 
what we will do))

• Local Level agreements
• Local employment processes
• Local procurement 

processes
• Cultural heritage protection
• Protection of stakeholder 

values
• Quality Contact with 

stakeholders

“Social 
Geotech"

(Context - Baseline, 
knowledge base)

• Regional histories and 
knowledges

• Asset histories
• Stakeholder values
• Laws and legislation
• Stakeholder expectations
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CONCLUSIONS  
Stakeholder perceptions or legitimacy and trust in how technical issues are addressed, presented 
and communicated are material to organisations seeking to develop resource projects.  At its core, 
by addressing projects through a ‘no assumptions, no surprises approach’, host communities and 
stakeholders can be enablers for development rather than threats. At Carrapateena, the ‘no 
assumptions, no surprises approach’ frontloaded stakeholder involvement, decision making and 
design, allowing many risks to be eliminated and reducing the time required to reach agreement with 
stakeholders on management controls that were reflected in local level agreements and the mining 
lease submission outcomes.   
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INTRODUCTION 
Interpretation of geological structures is essential at most mine sites because these structures play 
a key role in controlling mineralisation and determining the properties of the surrounding geology. 
This importance is generally well understood. The tools used by exploration and mine geologists to 
interpret geological structures include: geological drill logging, pit mapping, airborne geophysics, 
downhole geophysics and aerial photography.  The structural interpretation is often vital to mitigate 
issues linked to mineralisation or geotechnical risks, which may present themselves during the life 
of mine. The risks these same geological structures present in mine closure are sometimes not 
appreciated.  
Numerous geological faults and structures have been interpreted on the Ranger Project Area over 
the life of mine. Some faults have high hydraulic conductivity and are true representatives of a 
fractured rock aquifer, whilst others are impermeable and act as barriers to groundwater flow. The 
misrepresentation of these faults and misunderstanding their importance have resulted in ill-
conceived rehabilitation ideas, which remain as ongoing concerns to regulators and external 
stakeholders. By addressing and explaining the importance of geological structures in the context of 
closure strategy, unnecessary delays associated with testing and understanding these faults can be 
avoided.  

GEOLOGICAL FAULTS ON THE RANGER PROJECT AREA 
Numerous geological faults have been mapped across the Ranger Project Area since discovery of 
the Ranger uranium deposit in 1969. Some have been interpreted from low-resolution geophysical 
electrical or magnetic surveys from the 1970s while others were recognised during geological 
structural mapping completed by mine geologists during the life of the Ranger 1 and Ranger 3 open 
cut pits and through high resolution 3D laser scanned mapping of the Ranger 3 Deeps underground 
decline. These techniques all have benefits and result in various levels of accuracy.  
Geological faults on the Ranger Project Area are present as fractured rock aquifers with high 
hydraulic conductivities capable of transporting groundwater at increased velocities, or as tight, 
sealed faults, which are impermeable. Exploring and understanding hydraulic properties are often 
not considered when these faults are interpreted. This can prove problematic when open cut pits are 
backfilled with tailings or other constituents of potential concern, such as radioactive waste rock like 
at Ranger. Often these pits, or other potential sources for contamination like Tailings Storages 
Facilities, have interpreted geological faults either crossing the features or in very close proximity.  
The Ranger 3 Deeps Fault is a key geological feature controlling the distribution of uranium 
mineralisation of the Ranger 3 Deeps deposit (Pevely et al, 2017). Within the carbonate, the fault 
zone comprises silicified, highly brecciated/milled carbonate wall rock found at considerable depths 
(>400 metres -Top in Figure 1). The fault zone does not occur near the surface and soles out into 
overlying schist. When intersected during resource definition drilling, the fault discharged significant 
volumes of groundwater under pressure, suggesting the zone is a fractured rock aquifer.  
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The Ranger Fault is defined by a chloritic altered dolerite with disseminated magnetite throughout 
(Middle in Figure 1). The fault has been reactivated several times, resulting in brecciated, 
puggy/clayey infill throughout, and consequently acts as a groundwater barrier.  
Pegmatites are ubiquitous across the Ranger Project Area in the walls of the 2 pits and in drill core 
(bottom in Figure 1). These quartzo-feldspathic intrusives formed during later metamorphic events 
from remelting and mobilisation of the basement (Nanambu Complex). They intrude and follow pre-
existing weaknesses and faults in the overlying stratigraphy (Cahill Formation).  

 
FIGURE 1 – Three geological faults found on the Ranger Project Area. The Ranger 3 Deeps Fault 

(top), The Ranger Fault (middle), and a healed pegmatite (bottom) 

GEOPHYSICS 
Geophysics has been used across the Ranger Project Area as an exploration tool to map subsurface 
geology. Early geophysical investigations around the Ranger Tailings Storage Facility revealed 
several subsurface electrical anomalies, interpreted as faults. These anomalies were investigated 
by drilling and found to be mostly faults healed by pegmatites and the difference in composition from 
the surrounding gneiss and schists most likely caused the electrical anomalies. The geological map 
produced from the geophysical survey completed in the 1970s, which shows the locations of the 
interpreted faults, has been continuously referenced by some external stakeholders as potential 
pathways for groundwater contamination out of the Tailings Storage Facility. This does not 
accurately reflect the ability for these healed faults to facilitate groundwater movement into the 
surrounding environment.  

CONCLUSION 
Geological maps, geophysical surveys and cross sections are often used by closure teams to explain 
geological and hydrogeological concepts to internal and external stakeholders to inform closure 
decisions. Misrepresentation of these maps and the tools used to create them can lead to unintended 
interpretation, particularly the ability of these faults to act as conduits, or pathways for contaminants 
which may be released into the surrounding, post-closure environment. 
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INTRODUCTION 
Comminution (crushing and grinding) represents a minimum of 10% of total site production costs, 
and 53% of energy consumption (CEEC, 2020), and yet due to complexity in estimating specific 
energy, variable orebody comminution costs are rarely included in mine optimisation, or scheduling. 
Specific energy is a measure of the amount of energy (kW) required to liberate minerals per tonne 
of ore processed, it is denoted kWh/t. Estimating specific energy for the purpose of mine scheduling 
and optimisation is complicated because it requires simultaneous consideration of both the 
mechanical strength properties of rock, as well as the ‘grind size’ required to liberate the ore minerals 
from gangue minerals.  Furthermore, it is common for metallurgists to ‘optimise’ grind size over the 
life of the mine, however grind size is not compatible with mine optimisation and scheduling as it is 
a non-additive ore characteristic which means tonnes weight averaging for block model combinations 
is not valid.   

 

CASE STUDY 
This case study shows how digital techniques and machine learning can be used to reduce the 
carbon footprint of the mine by including estimates of specific energy as a variable in the geological 
block model. Specific energy is integral in determining plant throughput, simply divide the specific 
energy by the installed power of the comminution circuit. This allows a large portion of the plant’s 
operating costs ($/t) to be accounted for in the mine plan, according to kWh/t x tph x $/kWh. Revenue 
per block is determined by multiplying black mass (t), head grate (%) and recovery (%). Together 
estimates of revenue and plant operating cost by block allows optimised mine plans with more 
accurate NPV predictions per block. Because specific energy blocks also incur higher costs, the 
NPV optimisation software will be driven to preferentially choose low specific energy blocks over 
high specific energy blocks for the same revenue per block. 
These prediction models are built on numerous years of historical operating data from the geological 
block model, through blasting, mining, haulage and stockpiling to the comminution circuit. This 
equates to the tracing of millions of tonnes ore through each stage of the value chain from the 
orebody, and in this case, to the comminution circuit. This data is collated and married together to 
form a virtual digital twin of the whole operation based on actual data and information. This 
exceptionally large and detailed dataset forms the basis of machine learning prediction models and 
related optimisation techniques. The software used to build these models is called MAXTA. 
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FIG 1 - MAXTA Digital twin value chain optimisation using machine learning 

Machine learning using only geological block model variables was used to generate the comminution 
specific energy models. Virtually re-mining the geological block model using fleet management data 
allows direct feed back of the actual specific energy, commonly called operating work index, provides 
the data set used to build the machine learning model.  The machine learning models run on a block-
by-block basis generating tens of millions of predictions. By generating the machine learning models 
using the ore blend as it arrives at the crusher and mill the machine learning models are ideal for 
modelling non-additive geological properties.  In the case of life of mine and long-term planning 
prediction models for life of mine planning and optimisation, the geological variables used in the 
model are tested for long term validity and robustness to geological variability. 

 
RESULTS 
The accuracy of machine learning prediction models typically range from 2-15% MAPE (mean 
absolute percentage error) on test data not used in the development of the model.  Specific energy 
models in this case study had a MAPE of 10%. This accuracy is significantly higher than typically 
achieved using more conventional regression methods.  Direct comparisons between statistical non-
linear regression models and machine learning models typically show a 30-40% reduction in MAPE 
on test data.  There are several reasons for the difference in accuracy. An important difference 
between machine learning and statistical models is the ability of machine learning models to complex 
interactions between geological variables. For example, machine learning model input variables 
sometimes have a positive correlation to specific energy and sometimes have a negative correlation 
to specific energy depending upon the value of other block model variables.  Typically, the machine 
learning models will include millions of complex interactions between block model variables. 
Additionally, machine learning models are not biased by the amount data for a particular geological 
domain. For example; if a training data set only contains 8% of a particular domain and yet this same 
domain makes up 35% of the orebody for the next 15 years of mine life, the machine learning model 
performs just as well as it did when it was only 8% of the orebody used to train the model.  In contrast 
a statistical regression models would be biased towards other geological domains and this affects 
the longevity of statistical models. 

CONCLUSIONS 
Specific energy prediction models derived using machine learning provide the basis for mine 
optimisation economic modelling to include energy cost variability across the orebody. In addition to 
reducing energy costs through short-term mine scheduling, life of mine NPV optimisation will 
automatically be driven to select ore with less intensive energy costs, and provides an opportunity 
to reduce carbon emissions over the life of mine.   
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INTRODUCTION  
Worldwide, growing regulatory obligations, financial securities, and community and cultural 
expectations have driven increasing expectation for industry to achieve mine closure and 
relinquishment. This includes increasing certainty and efficacy throughout the process and involves 
collaboration and consultation with numerous stakeholders. The shift has seen substantial advances 
in the corporate intent, scientific knowledge, and technological ability to decommission, stabilise and 
rehabilitate a mine site.   
The development of acceptable and achievable completion criteria is a necessary part of mine 
closure planning and fundamental to the successful transition of mined land to a future use. Once 
achieved, completion criteria demonstrate that financial assurances and liabilities can be removed. 
Because of this important function, it is imperative that completion criteria are effectively formulated 
to capture closure goals, are accepted by all stakeholders and agreed by regulators and the 
proponent, are achievable, and can demonstrate this achievement through transparent and 
appropriate monitoring and documentation (Young et al., 2019). 

METHODS 
Between January 2018 and August 2019, the Western Australian Biodiversity Science Institute 
(WABSI) along with multiple research industry and government partners, developed the WABSI 
completion criteria framework, following four main steps: a review of academic and grey literature, 
in-depth stakeholder interviews and broad-reaching survey, three case studies, and a consultation 
workshop. We examined recent uptake and adoption of the framework into governance and 
operations to determine the impact of the published framework and report.  

RESULTS AND DISCUSSION 
The framework identifies six key components in the development of, and assessment against, 
completion criteria: 1) selection of post-mining land uses (PMLUs); 2) definition of aspects and 
closure objectives; 3) selection of references; 4) selection of attributes and risk-based prioritisation; 
5) definition of completion criteria; and 6) monitoring. While the framework is presented as a linear 
process consisting of six steps that enable the successful achievement of a post-mining land use, it 
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is flexible in its use with each of the components able to be used in isolation or alternatively multiple 
stages completed consecutively (Figure 1).  

 
FIG 1 – Six key components to the development and assessment against completion criteria. a) 
Linear process, b) Consecutive approach, c) Combination of linear and consecutive approach. 

From Young et al. 2019 with permission. 

The published completion criteria framework (Manero et al., 2020, Young et al., 2019), endorsed by 
the Western Australian Department of Mines, Industry Regulation and Safety (DMIRS) has been 
widely adopted and supported by industry. The framework has had impact on multiple scales 
including locally, nationally and internationally.  

1. Local  

The Western Australian DMIRS recently published a new Mine Closure Completion Guideline for 
demonstrating completion of mine closure in accordance with an approved Mine Closure Plans 
(MCPs, currently open for comment). The technical guidance for this new Guideline is the WABSI 
Completion Criteria framework providing a direct link between the independent report and mine 
closure regulation.   
DMIRS have been referring proponents to the framework when submitting their Mine Closure Plans 
(MCPs) resulting in completion criteria that follow the SMART principle. Further, the framework is 
resulting in greater consistency of completion criteria across the state. 

2. National 

The Cooperative Research Centre for Transformations in Mining Economies (CRC TiME) is a 10-
year collaborative research and development Centre that brings together over 70 partners. The aim 
is to deliver innovative research that addresses the complex challenges underpinning mine closure 
and relinquishment. The WABSI Completion Criteria project delivery model (active government, 
industry and researcher engagement) has had significant influence on the design and operation of 
CRC TiME projects, including developing a framework for cumulative regional impact assessment 
which is set to be delivered in the first year of the 10-year investment. 

3. International 
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The Society for Ecological Restoration is aiming to publish the International Standards for Mine Site 
Restoration later in 2021. Key features of the WABSI Completion Criteria framework have been 
updated for an international audience and are embedded in this document, including the hypothetical 
model of the trajectory approach. The report and associated publication were found to be cited 
numerous times when the draft was reviewed providing evidence of the international relevance of 
the framework. 

CONCLUSION 
The published completion criteria framework (Manero et al., 2020, Young et al., 2019), endorsed by 
the Western Australian DMIRS has been widely adopted and has been supported by industry. The 
framework, the first of its kind, is not only applicable to mine-sites in Western Australia but is 
transferrable, nationally and internationally, to jurisdictions and other industries that require similar 
rehabilitation of disturbed lands. We demonstrate that the project and resulting framework is not only 
resulting in change on the ground, but also the model adopted to develop the framework itself is 
being replicated for other projects, and theoretical concepts developed are being embedded in 
guidance material with much greater geographical footprints.   
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INTRODUCTION 
In 2018, Hatch was engaged to develop a throughput forecast model alongside a mine-to-process 
(M2P) integration and optimisation project for a large open pit copper operation. The project focused 
on sustainably increasing plant throughput, while developing a robust forecasting tool to predict plant 
performance over the Life-of-Mine (LoM). To mitigate risks and ensure the highest operational 
profitability throughout the LoM, it is necessary to accurately predict future performance of 
processing and the interaction with mining practices. This presents many challenges due to the many 
contributing factors, including ore characteristics, operating strategies, mine planning, equipment 
parameters, and production targets. 
Geometallurgy integrates the disciplines of geology, mining, and metallurgy, to develop proactive 
operating strategies as a function of ore types and characteristics. Geometallurgical modelling 
provides a link between the physical properties of the ore, and the performance of mining and 
processing operations, or extraction efficiency. Hatch experts integrate the ore characterisation, 
domain mapping, and site-specific models of each stage in the value chain (blasting, comminution, 
separation) with the mine plan in a geometallurgical model to provide a production forecast for the 
LoM. This facilitates strategic planning and optimisation considering the varying characteristics of 
different ore types to maximise the long-term profitability of the operation, and has been implemented 
at many other sites (Bennett et al, 2017). 

METHODOLOGY 
Hatch conducted audits and surveys, collected historical operating and equipment data, and 
developed site-specific models of the mine and plant operations. Ore properties for each lithological 
unit were measured and analysed, in the context of both mining and processing, and domains were 
identified and assigned to ore types with similar characteristics. Ore domains were defined based 
on classifications of rock strength (soft, medium, and hard) and in-situ structure (massive/blocky 
structure and fine/fractured). These domains formed the basis for blast fragmentation optimisation. 
The audit of drill and blast practices and explosive properties, and measurement of the resulting 
Run-of-Mine (ROM) fragmentation was used to develop a blast fragmentation model specific to the 
conditions and operating strategies on site. This model is sensitive to the major parameters known 
to affect blasting performance (ore properties, blast design, and explosive properties). It allows 
investigation of the impact of changing blast design and explosives as well as understanding the 
impact of varying rock mass characteristics (rock strength and structure) on ROM fragmentation. 
Thus, blast designs can be optimized (or tailored) according to the ore characteristics. More blasting 
energy is applied in areas that are blockier and harder to improve ROM fragmentation, while less 
energy is required in softer and more fractured domains to minimise costs.  
This can have a significant impact on the downstream comminution circuit, the performance of which 
is greatly affected by feed size.  Site-specific comminution models were developed following 
processing plant surveys, and breakage characterisation testing in conjunction with historical 
operating data analysis, benchmarking and power calculations. These included models of the 
primary crusher, semi-autogenous grinding (SAG) mills, pebble crushing, and ball mills, and 
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classification equipment including screens and cyclones. These models were fitted to the survey and 
operational data and consider both machine and ore parameters. Validation blasting trials and plant 
surveys were conducted for two ore domains and demonstrated good predictive capability with 
varying ore characteristics. These calibrated models were also validated with site historical 
operational data and benchmarked against Hatch’s extensive industrial database. 
The site-specific blasting and comminution models and power calculations were combined with the 
geomechanical block model, mine plan, and operating strategies to produce a throughput forecast 
model. This forecast model predicts the plant throughput over the LoM considering the ore 
characteristics of the feed based on the mine plan and schedule. The model can be updated to 
reflect changes in ore characteristics, LoM planning, blending, and feed strategies, and changes in 
operating conditions in the mine and plant. A concept diagram of the throughput forecasting model 
is shown in Figure 1. The ore characteristics considered in the model include the Unconfined 
Compressive Strength (UCS), Morrell Drop Weight Index (DWi), Mia, Mib and Mic, JK Drop Weight 
Test parameter Axb, and Bond Ball Mill Work Index (Bwi). 

   

FIG 1 – Concept Diagram of Life-of-Mine Throughput Forecast Model 

Rock hardness, breakage, and grindability were found to have limited variability within each 
lithological unit (Lith i). This is primarily due to their careful selection accounting for alterations, and 
the use of geometallurgy in the definition of each unit. This aided with the classification of lithological 
units into domains of rock strength and structure, enabling the blast fragmentation and comminution 
modelling and optimisation to be integrated into the throughput forecast. 
A M2P project was carried out at the same time. This involves developing integrated strategies in 
the mine and plant to increase production while minimising costs for the overall operation, a proven 
methodology conducted at numerous sites around the world (Tokarenko et al, 2017; Valery et al, 
2018; Valery et al, 2019). This was facilitated by the audits and surveys conducted in the mine and 
plant, the sampling and ore characterisation, and the development of the site-specific models.  
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Simulations were conducted to develop optimised drill and blast guidelines for each of the ore 
domains, which would improve the ROM fragmentation feeding the plant while minimizing costs. 
This optimised ROM material was simulated in the calibrated comminution models and 
recommendations were provided to optimise the comminution circuit for the finer feed, enabling 
increased throughput for all ore domains. These included changes to mill speed, ball load, and mill 
internal design (pulp lifters and pebble ports). Implementation of these recommendations would 
increase throughput with minimal capital expenditure and no change to the plant footprint or layout. 
The integrated blasting and comminution recommendations for the M2P project were incorporated 
into the throughput forecast model.  

RESULTS AND CONCLUSIONS 
The throughput forecast model was validated against measured production data to determine its 
capability to predict throughput under real operating conditions. The model reliably simulated the 
performance of the plant with varying feed characteristics. The average standard error in total 
throughput was found to be less than 10 % on a monthly basis, and less than 5 % on an annual 
basis. 
The calculated/predicted throughput is compared against the actual/measured throughput in Figure 
2. The model predicted the impact of reduced grinding power when one of the ball mills was offline 
particularly well. 

 

FIG 2 – Throughput Forecast Model Validation (2018 Monthly Comparison) 

The recommendations from the M2P project are carried through the throughput forecast model. This 
demonstrated improved long-term productivity with no impact on plant footprint and maximises the 
long-term profitability and sustainability of the operation. 
Based on recommendations provided by Hatch, improved fragmentation from blasting would result 
in an optimised feed to the processing plant. This in turn allows for plant operation to be optimised, 
with improvements in throughput and metal production. Depending on the ore characteristics and 
blend composition, throughput could be increased by 10 to 12 % with implementation of the 
recommendations, with up to a 7 % reduction in specific energy consumption when treating harder 
ores which occur later in the LoM. Further increases in throughput of around 2 to 3 % could be 
achieved by coarsening the product 80 % passing size by 20 µm. However, this was not 
recommended due to potential issues with metal recovery with the coarsened grinding product size. 
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INTRODUCTION  
The mining industry's contribution to regional economies is undeniable. At the same time, mining 
often introduces environmental and social impacts directly felt by surrounding communities. In 
addition to being a compliance obligation, mine rehabilitation is carried out to minimise such impacts 
and, more recently, seen as a way to demonstrate a mining company’s social performance. It is 
widely accepted that community engagement on mine rehabilitation outcomes is needed to ensure 
acceptance and successful transition to post-mining land uses (PMLU) (Everingham et al., 2018; 
Owen and Kemp, 2018). Whilst the community's role in a mine operation's rehabilitation and closure 
outcomes is acknowledged, in New South Wales there appears to be little research on community 
perceptions towards mine rehabilitation.  
In Australia, there is a perception that mining negatively affects the environment and local 
communities (Moffat et al., 2017). Awareness and concern held by the community about the 
environment, as well as socio-economic interests in what happens after mining, has arguably never 
been greater. Consequently, mine site rehabilitation is required to be ever more effective and have 
outcomes in keeping with the community's aims and aspirations. Current public expectations are that 
mine sites will be rehabilitated (Lamb et al., 2015); that it is important to do so (Moffat et al., 2017); 
and that in situ mine site rehabilitation is preferred over compensatory biodiversity offset programs 
(Burton et al., 2012).  
Communities are typically engaged about mine rehabilitation and closure aspects throughout the 
mine life via company community engagement programs and the regulatory approval process. 
Despite this level of community engagement, negotiations between mining companies and 
regulators ultimately agree on the condition of mine closure and rehabilitation. Therefore, whilst it is 
recognised that community plays a role in a mine operation’s rehabilitation and closure outcomes, 
there is limited information about the public’s preferences towards mine site rehabilitation and PMLU. 
We present a study to address this knowledge gap for a case study in regional NSW.   

METHODS 
Three focus groups were held over three separate days in July 2019 in regional NSW (Figure 1) with 
a total of 29 attendees. Focus groups in Dubbo and Mudgee were attended by local community 
members. A second focus group in Mudgee included community members who have technical 
knowledge or an interest in mining, including some defined stakeholders of a local coal mine. 
Thematic analysis was undertaken of the data to identify emergent themes.  
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FIG 1 – Location of Mudgee and Dubbo 

RESULTS 
Four main themes were discussed in the workshops addressing attendees’ opinions about: 1) mine 
rehabilitation (general); 2) mine rehabilitation (success and benefits of achieving); 3) decision 
making; and 4) post-mining land uses. Points of discussion were analysed to identify the emergent 
themes and are presented in Figure 2.  
Across all workshops, participants actively discussed their thoughts on mine rehabilitation. Results 
indicate that while residents recognise the economic contribution of coal mining to the region, they 
are concerned that mine rehabilitation decisions are not sufficiently transparent. A tone of distrust of 
mining companies was evident, with participants believing there is a lack of transparency on the 
actual plan, the standard of rehabilitation and the PMLU. 
Participants commonly expressed sceptisim about a mining company's ability to achieve 
rehabilitation goals. However, this appeared to be predominately directed at their ability to reinstate 
previous native ecosystems rather than to create alternative land uses. 
There was no consistent response regarding the definition of rehabilitation. Some participants 
emphasised the physical and ecological aspects, while others suggested this should be expanded 
to include the rehabilitation's usefulness to future generations and local community. Some thought 
the engagement process should also be specified around mine rehabilitation.   
While all participants appeared to agree that rehabilitation is important to complete, some believed 
rehabilitation occurs because of recent regulatory changes and environmental and community 
advocacy pressure, and not because mining companies want to do the right thing.   Broadly 
speaking, participants believed the industry has made concerted improvements regarding mine 
rehabilitation and is currently performing well.  
The ultimate goal identified across all focus groups was seeing rehabilitation evolve to produce 
beneficial land uses that provide employment, that are not an economic burden on the community 
and that are useful to the community. Successful mine rehabilitation was often defined in terms of 
aesthetics, although it was acknowledged this is difficult to quantify. It was also generally agreed that 
rehabilitation will take a long time; however, this is largely accepted as long as it commences as 
soon as possible. 
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FIG 2 – Identified emergent themes 

The sustainability of the PMLU was identified as a success indicator by participants. It should be 
measured to show how future generations directly benefit from rehabilitated land or reduce human 
impacts of future developments by avoiding disturbing other areas. Others suggested that a PMLU 
proposing alternative energy such as solar or wind farms could also be seen as a sustainable 
outcome for society.  
Information needed for community members to assist in decision making was broad and varied. 
Trade-offs of the identified aspects were common for participants and ultimately, as long as the 
perceived benefits outweigh the costs of rehabilitation, generally influenced their standpoint. It was 
deemed the community should have the strongest say in what happens after a mine closes, although 
it was felt this is not the current case with the community having to inherit the outcome rather than 
be part of the process.  
While it was generally preferred to reinstate the land use before mining, it was conceded by some 
this might not be practical and therefore prefer an alternative land-use that derives an income to at 
least pay for on-going land management. Participants identified that mined lands could be used for 
a range of potential PMLUs, including renewable energy generation and providing recreational 
opportunities.    
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INTRODUCTION  
The remit of the Latrobe Valley Mine Rehabilitation Commissioner (LVMRC) included providing 
assurances to the Latrobe Valley community that rehabilitation planning for the region’s three brown 
coal mines was progressing towards safe, stable and sustainable landforms.  In order to achieve 
this, the Office of the LVMRC undertook an extensive community engagement program, including 
traditional engagement mechanisms, such as public forums, community group meetings, FAQs, 
newsletters, library information stands, and developed a website and Facebook page.  The aim was 
not only to inform the community about rehabilitation planning, but also to teach the community about 
the inherent risks associated with the management of the region’s coal mines, how they can be 
mitigated through rehabilitation, and the long-term implications if they are not. These risks include 
spontaneous combustion and external ignition of coal and large-scale batter and floor failures from 
block sliding and floor heave.  
The LVMRC found that these engagement activities generally reached the same demographic: 
highly engaged, but older, members of the community.   The question became: how does the LVMRC 
reach a younger audience (our youth) and less engaged members of the community? 
At the end of 2018, a Latrobe Valley arts organisation, The Big Picture Space, approached the 
LVMRC about the possibility of building a community art installation to engage and inform the 
community about mine rehabilitation, even though they themselves were ignorant of what 
rehabilitation comprises.  Six months later, after workshopping the idea, ‘Coal Hole’ was born: not 
an art installation, but a community engagement program that employed local artists to provide free 
community art workshops that facilitated learning about the science behind brown coal mine 
rehabilitation. The program was targeted at people unlikely to turn up to a ‘town hall’ style event or 
‘like’ our Facebook page and designed to develop a ‘collective’ that would work together to steward 
the program’s workshops and content.   

PROGRAM AIMS, DESIGN & DELIVERY 
The initial program ran until December 2019, with a follow up social media program undertaken in 
2020, with the overall aims to:  
(a) raise awareness about the LVMRC’s role; 
(b) educate the community about mine rehabilitation; 
(c) inform the community about what is happening with the Latrobe Valley coal mines; and 
(d) highlight positive post-coal opportunities for the Latrobe Valley and help the community to focus 
on these. 
During the development phase, the LVMRC and project facilitators decided that a series of discrete 
art projects would be undertaken, each focussing on a different theme related to either brown coal 
mine rehabilitation or Latrobe Valley-specific issues. Each theme comprised a series of workshops 
(usually weekly) facilitated by a local artist specialising in that medium and culminated in a final 
exhibition or event to share the art generated. The art activities and workshop schedule are 
presented in Table 1.  Representatives from the LVMRC attended as many workshops as possible 
to interact with participants and provide further context and technical underpinning to each of the 
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issues explored. Social media channels (YouTube, Facebook and Instagram) were established to 
share events, related information to the themes and the generated art.  

TABLE 1 – Coal Hole Arts Workshop Program 

Theme Art Medium Showcase Event 

General introduction to 
mine rehabilitation 

Weekly zine making 
workshops 

Published zines distributed to 
community members and the 

Sticky Institute  

High-viz fashion design Street fashion parade 

Spatial implications of 
mining in the Latrobe 

Valley 

Mapping Live sound and visual projection 

Experimental sound  

Geotechnical instability  Sculpture (welding, wood and 
metal work) 

2 x weekend workshops 

Water resources Crochet ‘water’ balloons (Environmentally conscious)  
Water fight 

Mine landforms post-
rehabilitation 

On-site photoshoot Publication of selected images 
(Image 1) 

 
The workshops were designed to use recycled and repurposed materials where possible and located 
in a central location accessible to all community members.  

 
IMAGE 1: Imagining the future Coal Hole. Image courtesy of PolyannaR and the Coal Hole.  
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PROGRAM OUTCOMES 
We found that by varying the types of art, we attracted different attendees, often influenced by the 
art circles of each facilitator artist.  This facilitated conversations with a wider variety of people. 
However, conversations were most commonly at a high level, explaining the overall complexities 
regarding brown coal mine rehabilitation, but not sustained to achieve a consolidated understanding 
of the intricacies of the individual focus areas explored (e.g. geotechnical stability, water resources, 
post-rehabilitation risk profiles and implications).  Workshops had mixed attendance, with some 
attracting 8-10, others none. The showcase events allowed us to invite other community groups 
(such as a drumming or craft group) to assist in the showcase event, giving us a wider audience and 
greater publicity.   
We found overall the conversations with community members to be rewarding and enlightening, 
particularly as the program facilitated conversations with community members we wouldn’t normally 
engage (92% were under 35 years old).  This was enhanced by the Coal Hole’s social media 
channels, which, on top of the art produced from the workshops, shared mine-rehabilitation and art-
related information to over 500 followers based locally and nationally. Coal Hole provided ‘less 
polished’ conversation for the target audience, such as its ‘what does it all meme?’ series (Image 2), 
than our own Facebook page.  As a result, the LVMRC engaged the Coal Hole team for a follow-up 
social media campaign, which highlighted the art created and enabled us to continue to engage with 
the Coal Hole followers virtually. 

 
IMAGE 2: ‘What does it all meme?’ Facebook post. Courtesy of Coal Hole.  

One unexpected outcome was the Coal Hole team was invited to present at the Latrobe Valley Youth 
Climate Summit, attended by approximately 300 local high-school age students that enabled the 
LVMRC to co-present workshops on the science of brown coal mine rehabilitation.  
Other unexpected outcomes were that some artists faced a backlash for being paid to run these 
workshops from some of their peers and some artists vetting our motives before agreeing to be 
facilitators. Despite presenting the science to the participants, some continued to be wary of any 
outcome that the mine licensees were promoting, as they assumed they wouldn’t want to provide 
the best rehabilitation outcome, only the easiest/cheapest. These issues highlighted how difficult it 
can be to change perspectives on socially and environmentally charged issues if the science you 
present doesn’t match community beliefs.   
To review some of the art produced please view at: https://bigpicturespace.org/coalhole  
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INTRODUCTION 
In 2020, OZ Minerals released the Carrapateena Block Cave Expansion Prefeasibility Study (PFS) 
for the expansion of its Sub Level Cave mine to a 12 Mtpa Block Cave mine (OZ Minerals, 2020). 
The PFS focused on embedding OZ Minerals’ balanced view of ‘Risk’ as both Threats and 
Opportunities, with a focus on mitigating or realisation activities for Material Risks that create value 
to OZ Minerals’ five Stakeholder pillars – employees, suppliers, communities, government and 
shareholders. 
To assess value, the study began with an exploration of the Material Risks. This included both 
quantitative and qualitative valuations using the perspectives of the five Stakeholder pillars. This 
focus reinforced holistic value creation across a broad range of stakeholders and throughout the life 
of the proposed Block Cave expansion to determine the best value, as opposed to taking a more 
traditional economic Net Present Value (NPV) valuation in isolation.  

CARRAPATEENA 
OZ Minerals is a copper-focused, modern mining company based in South Australia, who cares 
about their people, the environment, the heritage of the people they work with and the communities 
in which they operate. OZ Minerals’ strategy is centred around value creation for its Stakeholders 
and its culture is underpinned by the “How We Work Together” principles and behaviours. 
Carrapateena is a copper-gold Sub Level Cave mine operating at ~4.25 Mtpa, located 500 km north 
of Adelaide, South Australia. In 2020, a Prefeasibility Study (PFS) was published, which looked at 
converting the lower portion of the sub level cave to a series of block caves, potentially expanding 
the expected annual throughput rate to 12 Mtpa (OZ Minerals, 2020). 
The OZ Way is a simple model that explains how all the parts of OZ Minerals fit together. As shown 
in FIG 1 below, OZ Minerals aspires to be ‘A Modern Mining Company’, creating value for its five 
stakeholder groups as it works towards its purpose of ‘Going beyond what’s possible to make lives 
better’. The role of the Carrapateena Expansion project was to explore how The OZ Way might be 
embodied for Carrapateena across its Life of Mine. 
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FIG 1 – The OZ Way (OZ Minerals, 2021) 

Within The OZ Way, Work is Enabled and Performed by its Corporate Functions and Assets. It is 
prioritised using Risks (defined as both Threats and Opportunities). OZ Minerals is innovative in the 
development of its Business Plans and uses Value Creation to ensure they invest responsibly. They 
regularly set and track goals aligned to effective planning (OZ Minerals, 2021). 
The OZ Minerals’ five Stakeholder pillars represent employees, suppliers, communities, government 
and shareholders as a human-centred approach to value creation. These are core to who OZ 
Minerals is as a Company. The Company is collectively the people who make up OZ Minerals, and 
How We Work Together helps ensure it is Going Beyond What’s Possible to Make Lives Better (OZ 
Minerals, 2021). 
The OZ Minerals’ Risk Management Process ensures the identification, assessment, management, 
review and reporting of Opportunities that facilitate or exceed, and Threats that hinder, the 
achievement of the OZ Minerals Strategy and delivery of Business Plans. For the Carrapateena 
Expansion PFS, outside knowledge (the ‘Crowd’) played a key focus in identifying and pivoting 
Material Opportunities and Threats. 

COLLABORATION AND IDEATION 
The Carrapateena Expansion PFS commenced with internal and external perspective seeking, with 
over 100 subject matter experts from diverse backgrounds and industries attending an ideation ‘Hub’ 
workshop, held over three days (shown in FIG 2). This workshop explored the Opportunity of the 
Block Cave Expansion at Carrapateena, and then utilised Divergent Thinking through Lean 
innovation (Ries, 2013) and Design Thinking methods (HBR, 2018) to explore and document 
Opportunities and Threats potentially applicable to the Carrapateena Province. 
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FIG 2 – Carrapateena Expansion ‘Hub’ for Risk perspective seeking and collaboration 

Casting Carrapateena seven years into the future was not only complex, but was filled with 
uncertainty, ambiguity and potential volatility. The complexity of then ‘backcasting’ (Sustainable 
Brands, 2015) these possible eventualities with coherence, a level of control and governance, and 
satisfying the emerging Risks made the task all the more difficult (FIG 2 – right). The goal was to 
develop a fundamentally sound base case without losing sight of any transformational Opportunities 
for both Carrapateena and OZ Minerals more generally.  
The intent of the ideation workshop was to stretch thinking and encourage diversity of thought among 
the PFS team so they could equally identify upside Opportunities as well as fundamental Threats 
identified in the previous Scoping Study. The exploration of ideas by the study team with assistance 
from the crowd resulted in the curation of ‘future Opportunities’, which along with their impacts on 
the base case of the study, were developed according to The OZ Way. More than 1,000 ideas, 
Threats and Opportunities were grouped over the course of the week during the workshop. 
Over the weeks that followed, the Materiality of each idea as an ‘Opportunity’ (Risk) was developed 
and categorised before being backcast via roadmaps to the current state assumptions. Additional 
perspectives were also sought via a facilitated Caving Community of Practice in 2019. This assisted 
with sharing safety and technical aspects of cave mining and provided professionals with an 
Opportunity to develop and expand their relationships and network. 

RISK GROUPING AND SCENARIO PLANNING 
The Risk (Threat and Opportunity) ideas generated from the ideation collaboration workshop were 
grouped in a matrix of Fundamental Study areas (e.g., geology, mining, processing, infrastructure) 
against Upside Opportunity (e.g., Operational Technology, People and Culture, Speed, Water 
Sustainability, Green and Ethical). 
Scenario Planning was then utilised to carry out qualitative and quantitative valuation of a range of 
operational themes, such as the ‘Greenest Mine’, ‘Lowest Capex’, ‘Lowest Opex’, ‘Most Digital’ and 
‘Quickest Delivery’. Key features from each ‘intersection’ of fundamental area and Upside 
Opportunity were selected and valued, to understand the Materiality of key value drivers within each 
scenario. 
Value was calculated at the Concept Study level of detail to understand relative value of key features 
and move beyond ideas that might appear impressive or ‘trendy’ but didn’t add Material value. 
Economic value such as Net Present Value (NPV) was used, as was qualitative value for the 
consideration of value for OZ Minerals’ Stakeholders. Qualitative valuation for Stakeholders included 
the expected narrative and appreciation of value for each Stakeholder, as well as the determination 
of the most Material Threat and Opportunity for each Stakeholder. 
Material value drivers from each of the scenarios were then selected as Material Risks (both 
Opportunities and Threats) to include in the updated PFS case for the Carrapateena Expansion. 
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MATERIAL RISKS 
The Material Opportunities and Threats were used as the foundational structure for the study, which 
aimed to extend beyond a traditional PFS document and was in-turn coined an ‘Opportunity and 
Threat Study’; the structure for which is represented in FIG 3 and are described below.  

 
FIG 3 – Carrapateena Expansion PFS Vision and Material Risks 

THREATS 
• Cost and Schedule: included the components of a traditional PFS.  

• Cave Mining Incidents: added greater focus and depth of study to the geotechnical Risks and 
control activities required for Block Cave mining. 

• Water Security: provided a sustainability Threat regarding the limited access to, and use of, 
water at Carrapateena. This activity turned into a water sustainability Opportunity. 

OPPORTUNITIES 
Mineral Resources and Ore Reserve (MROR): included fundamental mining requirements and future 
mining Opportunities to support MROR estimate updates. Future mining Opportunities to support 
innovation and change are identified within the transform, create or evolve categories and an 
associated likelihood.  

• Green Mine: as an operational philosophy, is a commitment to minimising the negative impacts 
of mining operations by being a cleaner, more efficient operation with a substantially smaller 
environmental footprint. 

• Future Workforce: is how OZ Minerals organises people and teams to be operationally ready 
for the build and ramp-up of the Carrapateena Block Cave Expansion project and establishing 
integrated operations, new ways of working in the best possible structure, operating model, 
workforce design, mindset and culture. 

• Ore Sorting: as an operational philosophy, is the measuring of material characteristics, 
identifying what is being extracted and treating it in different ways to maximise product value 
and minimise operational waste. 

• Digitalisation: as an operational philosophy, is the embedding of automation, information 
communication technology and operational technology that improves safety, volume and cost 
of the current and future operation. 
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CAUSES, CONTROLS AND ACTIONS 
A focus on Risks as Opportunities as well as Threats brought new meaning to the use of ‘causes’, 
‘controls’ and ‘actions’ when compared to how they are typically used in a traditional Threat/control 
environment. The team were encouraged to unpack the Material Opportunities the same way 
Threats were being treated, but inversely, whereby a Risk ‘event’ was trying to be actualised and to 
the highest degree of Materiality as shown in FIG 4 below. 

 

 
FIG 4 – Movement of Material Risks (Threats and Opportunities) during the PFS 

Opportunity ‘causes’ are used to identify a ‘tipping point’ for innovation and make delivery of these 
Risks more likely. A tipping point is a moment in time where that Opportunity is realised and/or 
contributed to. As with most Risk, a single Opportunity can have many causes, and in this case the 
project’s Opportunities were no different, as shown in FIG 5 below. 

   
FIG 5 – An example bowtie used in the PFS to document realisation controls and enabling 

measures 

By using a common bowtie framework for managing Opportunities, team members could gain a 
higher resolution view on the realisation controls (the controls needed to realise the Opportunity) and 
the embedded controls (once the Opportunity is realised, how one might keep it there). 
The use of Agile project management focused the team’s attention on actions that satisfied customer 
requirements through iterative and incremental delivery of value. This way of working was introduced 
to the team at the same time as the Risk-based thinking and culminated in the application of tangible 
outcomes in the form of Minimum Viable Products (MVPs). These MVPs would take the form of 
useful products, outcomes and increments that accelerate the realisation controls, thereby 
accelerating the build-measure-learn loop required to innovate quickly and efficiently (Ries, 2011). 
In combination with Material Risk thinking, the confluence of these activities allowed for an alternate 
approach to the structure and presentation of study findings. With Material Risks forming the basis 
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of the study, work was lead through Threat and Opportunity causes and controls that were managed 
with agility into small MVPs that could improve Risk controls while firming up study outcomes. 

STUDY OUTCOMES 
The PFS outcomes aimed to cater for the required customers of the study, including the current 
study team, future study teams, project execution, an independent peer review, internal Executive 
Committee and Board approval and due diligence requirements, as well as external ASX, JORC and 
analyst requirements. 
The PFS report was structured around the Material Risks of the project, as an Opportunity and Threat 
Study, which allowed the integration of traditional fundamental study areas with the upside 
Opportunities and future thinking. The study addressed each Threat in detail and used the Risk-
based thinking previously highlighted to structure the PFS detail and outline the controls to produce 
the base case for the expansion. 
The five Opportunities identified by the study responded to “our context”; macro-economic trends 
(green mine, future workforce), changes in technology (digitalisation) and an increase in orebody 
knowledge and processing confidence (ore sorting and MROR) to unlock value. 
The OZ Way provided the Carrapateena Expansion project with a way to freely implement innovative 
and transformational ideas as a part of OZ Minerals’ Process Standards. This is governed by the 
following classification: 

• Evolve – a step-change or business improvement to current processes or methods (something 
new to an Asset, such as Carrapateena) 

• Create – development or adoption of novel processes, technologies or ideas that Assets have 
not yet experienced (something new to OZ Minerals) 

• Transform – differentiates Carrapateena Expansion from the rest of the industry, makes us a 
market leader (something new to the industry). 

The Carrapateena Expansion PFS was delivered using Agile project management methods, along 
with Vertical Development growth, and resulted in superior project delivery, project economics and 
Life of Mine sustainability outcomes compared to traditional project management methods. 

CONCLUSIONS 
The use of Material Risk Thinking allowed the Carrapateena Expansion PFS team to improve both 
quantitative and qualitative value to OZ Minerals’ Stakeholders compared to the previous Scoping 
Study. 
There is an Opportunity for the mining industry to utilise ‘the crowd’ for divergent design thinking and 
diverse perspective seeking, along with scenario planning and an understanding of holistic 
qualitative value for impacted stakeholders. There is also an Opportunity to deliver Material 
Opportunities more consistently by implementing controls and Risk management in a similar fashion 
to how the industry traditional controls Threats. This Opportunity would likely result in innovation to 
address current and future challenges facing the industry, focus holistic and ethical value for all 
stakeholders and future generations, as well as increased sustainability Life of Mine. 
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INTRODUCTION  
Mine closure is now widely regarded as a multi-party process, rather than an issue only for 
companies and the regulator. Key reasons for involving others in participatory processes for closure 
have been canvassed by regulators and by industry bodies like the International Council on Mining 
& Metals (ICMM). Public participation is now deemed essential to achieve a smooth post-closure 
transition and a positive socio-economic ‘legacy’ of mining. 
This exploratory study does not advocate the use of any specific participatory processes but rather 
profiles a panorama of processes with potential to support a social transition of benefit to local 
communities, public interest groups and rights holders in the decades after mining production 
ceases. The paper provides examples of this range of processes and their potential benefits.  

DIVERSE PARTICIPATORY PROCESSES 
There are many means of identifying community concerns and issues, gaining useful information on 
user needs, values and expectations, incorporating these into closure decisions and involving the 
public in mining activities. Researchers from the Centre for Social Responsibility in Mining (CSRM) 
are familiar with some projects where such participatory processes have been used by the mining 
sector during closure transitions. There is limited information about additional examples in the public 
domain and even more limited detail on the application or effectiveness of those processes. Table 1 
lists a range of processes and examples of mines (or mining-related assets like refineries) where 
each of the ten processes examined has been used.  

TABLE 1 – Public participation processes and examples of their use for closure transitions 

Participatory process Case examples 
Community reference 

group 
Idemitsu residual void Community Reference Group (Australia) 

Timbarra gold mine closure focus group (Australia) 

Impact and benefit 
agreements 

Woodcutters agreement on post-closure rehabilitation between 
Newmont and the Kungarakan and Warai people (Australia) 

Foundations, trusts and 
future funds 

Inti Raymi Foundation (Bolivia) 

Visioning Clermont Preferred Futures (Australia) 
Latrobe Valley regional rehabilitation strategy (Australia) 

Participatory GIS Land use preferences for Hannukainen and Rautuvaara (Northern 
Finland) 

Strategic community 
investment 

Vale’s economic diversification plan for Thompson, Manitoba 
(Canada) 
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Social impact assessment 
for closure 

New Gold’s Cerro Pedro mine (Central Mexico) 
Waihi gold mine (New Zealand) 

Participatory monitoring 
and evaluation 

Riskmapping and citizen science at Solotvyno salt mine (Ukraine) 
Bajo Alumbrera open pit mine (Argentina) 

Town transition tool Trialled as transition readiness assessment for Arlit, uranium town 
(Niger) 

Rapid appraisal using 
indicators 

Applied to boom and bust transitions in Queensland gasfields 
(Australia) 

 
Each of these processes offers an opportunity for people to engage with decisions that affect them. 
To determine a process suited to a specific situation requires answering a series of questions about 
public participation in this stage of the mining life-cycle including: 

• Why consider participatory processes for this transition? 

• Who should participate in the mine closure decisions and activities? 

• What mine-closure related activities suit participation by different stakeholder groups?  

• How should they participate (the type of participation that will be most satisfactory?)  

• When, how often and for how long should they participate in mine closure planning? 
There are multiple ways people can participate in a mine’s activities related to social aspects of mine 
closure. Understanding this range of possibilities aids identification of the processes best suited to a 
specific group of people, time and situation. The study proposes a panorama that conceives of six 
progressive types of participation culminating in a convening company ceding control altogether to 
a community or subsequent authority or landholder. The different ways to participate vary in term of 
the degree of control and influence the company can exert and the amount of trust they require 
between company and participants. (Figure 1).    

 

 
FIG 1 – Panorama of types of participation ranging from company-led provision of information to 

community-led process, structures and administration 
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CONCLUSION 
The panorama of participation processes is a versatile way to understand the characteristics that 
differentiate different processes that could support public participation in the social transition 
associated with mine closure if conscientiously planned and executed. The value and effectiveness 
of various participatory processes is a qualitative assessment not of what you do, but of how you do 
it. An understanding of the main distinguishing characteristics of various options with respect to 
processes and techniques serves to guide miners to do the right thing by communities, rights holders 
and stakeholders throughout the mine closure transition and to demonstrate social responsibility and 
strong social performance.  
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INTRODUCTION 
In August 2020, the International Council on Mining and Metals (ICMM) released the Global Industry 
Standard on Tailings Management (GISTM) with the ‘ultimate goal of zero harm to people and the 
environment and zero tolerance for human fatality’ (ICMM, 2020). 
Although not all mining companies are ICMM members, it is expected that investors, regulators, 
insurers and the public will pressure other mining companies to comply with the GISTM. 
Because a “business-as-usual” approach will not prevent further failure disasters, the GISTM 
requires a fundamental shift in mining companies’ philosophy when designing, operating and closing 
tailings facilities. This paper details some of the key differences between the GISTM and other 
current industry guidelines with particular reference to the ANCOLD Tailings Dams guidelines 
(ANCOLD, 2019). 

CONSEQUENCE CATEGORY 
The GISTM has five consequence categories whereas ANCOLD has seven. Table 1 shows an 
approximate comparison between the GISTM consequence category and the most-likely ANCOLD 
equivalent based on the estimated population at risk (PAR) (noting that depending on the potential 
severity of damage and loss (impact), the equivalent consequence category could be higher or 
lower).  

TABLE 1 – Comparison of Consequence Categories. ANCOLD equivalents vary according to 
impact (Minor, Medium, Major or Catastrophic). A medium impact dam could have Low to High B 

consequence under ANCOLD depending on PAR.  

• GISTM Consequence 
Category 

Population at Risk (PAR) ANCOLD 
Equivalent 

Low None Very Low 
Significant 1-10 Significant 
High 10-100 High C 
Very High 100-1,000 High A 
Extreme > 1,000 Extreme 

 
Interestingly, a tailings dam classified as Low under ANCOLD may have a High Consequence 
Category under the GISTM. Under ANCOLD, a tailings dam with a PAR of <1 and Medium impact 
would be classified as Low. Under the GISTM, any tailings dam with a Medium Impact (e.g. with an 
economic loss to infrastructure of between $10 million to $100 million) would be classified in a High 
consequence category. Only dams with a Minor impact are classified as Significant or Low under 
the GISTM.  
The GISTM consequence category assessment for assessing the severity level impacts appears to 
be more closely aligned to the Canadian Dam Association’s (CDA) Dam Safety Guidelines (CDA, 
2019) which also places a higher emphasis on the potential impacts from a failure. 
In general, the predicted damage and loss (impact) under the GISTM imposes more stringent criteria 
when assigning a consequence category and owners should not expect a ‘like for like’ equivalence 
between ANCOLD and GISTM. 
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TAILINGS FACILITY LIFECYCLE 
Large, terrestrial tailings facilities have traditionally been preferred by mine operators as they are 
generally the most economical throughout the lifecycle; however, the GISTM will require a more 
thorough analysis of alternatives and justification of adopted tailings management strategy. New 
facilities require a multi-criteria alternatives analysis of all feasible sites, technologies and strategies 
to minimise the risk to people and the environment throughout the lifecycle and to minimise the 
volume of tailings and water placed in external tailings facilities. Principle 3 of the GISTM requires 
that decisions throughout a tailings facility lifecycle be undertaken in accordance with principles of 
Adaptive Management.  
Principle 4 of the GISTM requires plans and design criteria for the tailings facility to minimise risk for 
all phases of its lifecycle, including closure and post-closure. A significant departure from the current 
design approach is contained in Requirement 4.2B which requires any new tailings facility to be 
designed for the ‘Extreme’ consequence category unless it is feasibly demonstrated that the facility 
can be upgraded to an ‘Extreme’ consequence category at any stage through the tailings facility 
lifecycle. If the option is taken not to design to ‘Extreme’, then the consequence classification must 
be reviewed through Dam Safety Reviews (DSR) (at least every five years or sooner if material 
changes to impacts) and the Independent Tailings Review Board (ITRB).  
The proof-of-concept design is required to be maintained through the lifecycle of the facility. The 
Accountable Executive1 is responsible for the Consequence Category and maintaining flexibility to 
upgrade the design to ‘Extreme’ throughout the facility’s lifecycle. 
For existing tailings facilities, the requirements under Principle 4 also applies; however, if the 
Engineer of Record in conjunction with the ITRB determines that the upgrade of an existing facility 
is not viable or cannot be retroactively applied there may be an exemption. In this case, the 
Accountable Executive shall be responsible for implementing measures to reduce the risk to as low 
as reasonably practicable (ALARP). 

DESIGN CRITERIA FOR OPERATING TAILINGS FACIILITIES 

Flood Design Criteria 
Table 2 shows a comparison between the design criteria for flood events for operating and active-
closure tailings facilities. For low consequence dams, GISTM has a higher requirement for flood 
management (although all ANCOLD criteria have an additional wave run-up and wave freeboard). 
For the higher consequence facilities, ANCOLD imposes the more stringent design criteria. Although 
(by definition), there is no return period associated with a probable maximum flood (PMF), it is 
nominally equated to approximately between 1 in 10,000 annual exceedance probability (AEP) (for 
large catchments greater than 100,000 km2) through to a 1 in 10,000,000 AEP (for small catchments 
less than 100 km2) (Nathan and Weinmann, 2019). Therefore, for higher consequence dams, 
ANCOLD stipulates higher design criteria for flood management than the GISTM. 

TABLE 2 – Comparison of Flood Design Criteria (AEP) 

Consequence Category GISTM ANCOLD 
Low  1 in 200 1 in 100 

Significant 1 in 1,000 1 in 1,000 

High 1 in 2,475 
1 in 100,000 or PMF 

Very High 1 in 5,000 

Extreme 1 in 10,000 PMF  plus wave freeboard 
 

 
1 Executive directly answerable to the CEO on matters relating to the GISTM. 
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SEISMIC DESIGN CRITERIA 
Table 3 shows the comparison between the design criteria for seismic events for operating and 
active-closure tailings facilities. Across the range of consequence categories, ANCOLD stipulates a 
higher design criteria than the GISTM. 

TABLE 3 – Comparison of Seismic Design Criteria (AEP) 

Consequence Category GISTM ANCOLD 
(Safety Evaluation 

Earthquake) 
Low  1 in 200 1 in 1,000 

Significant 1 in 1,000 1 in 1,000 

High 
1 in 2,475 

1 in 2,000 (High C) 
1 in 5,000 (High B) 

Very High 1 in 5,000 1 in 10,000 (High A) 

Extreme 1 in 10,000 1 in 10,000 

CLOSURE – ACTIVE VERSUS PASSIVE 
The GISTM defines two phases of closure: active care closure and passive care closure (or post-
closure). Active care closure is defined as the phase where the operator is still on site and is 
transitioning to the passive closure phase. Passive care closure refers to ‘permanently closed 
facilities that have been configured for their perpetual form/state and thereby will be subjected to the 
maximum time of exposure irrespective of the Consequence Classification for the facility’ (ICMM, 
2020). 
ANCOLD also has two phases described as: closure (or decommissioning) and post-closure. Under 
both ANCOLD and the GISTM, the closure (decommissioning) phase design criteria are considered 
the same as for an operational facility. 
The design criteria for both flood events and for seismic under the GISTM for the passive closure 
phase is the 1 in 10,000 AEP. Under ANCOLD, for post-closure the design criteria for flood events 
is the PMF event. For the seismic design, the criteria for post-closure is the maximum credible 
earthquake (MCE).  
Therefore, for both flood and seismic criteria for the Passive Care Closure (or post-closure) phase, 
ANCOLD imposes the more stringent criteria than the GISTM. 

CONCLUSIONS 
Both ANCOLD (2019) and the GISTM apply a similar approach in assessing a tailing facility’s 
consequence category; an assessment of the PAR (or potential loss of life (PLL)) and analysis of 
the potential impacts (severity of damage and loss). In general, the GISTM consequence category 
is influenced more heavily by the impact severity than ANCOLD. Each tailings dam will require 
reassessment of the consequence category under GISTM criteria; the consequence category 
assigned using ANCOLD (2019) will not necessarily equate to the consequence category assessed 
under the GISTM. 
In general, ANCOLD (2019) has more stringent requirements for the flood and seismic design criteria 
than the GISTM. This applies for operating, active-closure and passive closure facilities.  
A significant difference between the GISTM and contemporary tailings guidelines including ANCOLD 
(2019) is the increased emphasis and requirements for planning and governance. This will require 
mining operators to progress parallel sets of life of mine plans to accommodate this requirement. It 
is likely to also impact upfront capital costs as retrospectively applying an upgrade (if required) later 
must be achievable (and cannot be discarded just because of cost). 
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Accountability and the assignment of responsibilities (i.e. Management and Governance) receives 
increased focus in the GISTM. Five of the fifteen principles are associated with governance including 
establishing policies, systems and accountabilities; appointing and empowering an Engineer of 
Record; establishing levels of review as part of a strong quality and risk management system for all 
phases of the tailings facility lifecycle, including closure; developing an organisational culture that 
promotes learning, communication and early problem recognition; and, establishing a process for 
reporting and addressing concerns and implement whistle-blower protections. 
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INTRODUCTION  
Why is it that there are very few examples globally of successfully closed and relinquished mines?  
More typically, there are closed mines that are still under active management by the mining 
company, and there are abandoned mines – some of which have creative post mining uses (typically 
quarries) and some of which present ongoing legacy issues, requiring ongoing management by the 
state.  This systematic failure to relinquish suggests that we do not yet fully understand how to 
navigate the complex, diverse and place-based issues governing the transition through mine closure 
and beyond.  
Increasing attention on mine closure is driving a new relationship is developing between mining 
companies, governments and communities.  This new relationship is positioning “post mining 
futures” as a new component in the life of mine.  It suggests that mine closure should not be viewed 
as the end of the mining value chain – with all that this implies about liability, loss and residual risk.  
Rather, the mine should be considered a transitory agent of regional development which will continue 
after the mine has gone. 
This shift in narrative has profound implications.  It turns mine closure and relinquishment into a 
fundamental pivot point for regional mining economies, involving many stakeholders negotiating over 
complex and ambiguous issues such as residual risk, values, aspirations and future options. It 
becomes a complex and wicked problem, rather than a simple full stop at the end of the mining 
process. And it demands greater attention on closure and post closure factors in decision making 
throughout the minelifecycle. 
This paper considers the case for re-thinking how closure and post closure issues are incorporated 
into mine planning and regional decision.  It presents an indication of the value that can be added 
by actively considering “post mining futures” as an extension of the mining value chain. 

DEVELOPING A CONCEPTUAL FRAMEWORK FOR ADDING POST-MINE 
VALUE 
A conceptual framework to describe the potential value that can be added by a mine as it transitions 
through closure and beyond has been developed by the Cooperative Research Centre for 
Transformations in Mining Economies (CRC TiME).  CRC TiME is a partnership focussed on how to 
deliver sustainable post-mining ecosystems and livelihoods in mining regions.  The partnership 
brings together 73 organisations from:  1) the on shore extractives industry (specifically mining and 
quarrying); 2) impacted communities (including indigenous representatives, shire councils. specific 
interest groups, natural resource management groups and local development organisations); 3) 
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government (state, local and commonwealth); 4) business (specifically suppliers of technology, 
equipment and services) and 5) research institutions.   
Two years of multistakeholder consultation underpins the CRC TiME partnership.   As a result of this 
consultation, ten potential pathways where collaborative action can create additional regional value 
from the mining process have been identified. Partner organisations representing mining, 
Government, community and suppliers were interviewed to elicit a rough estimate of potential value 
add – based on prior examples, case studies and expert judgement. 

 
FIG 1:  Potential pathways for adding regional value from mining by considering post-closure 

futures 

This semi quantitative and highly indicative analysis considered value that could be generated 
through alternative land-use, incentivisation of new investment, globalisation of commercial IP and 
services, agricultural development, indigenous social benefits, reduced Government costs, 
progressive rehabilitation and livelihoods from regional closure services.  Clearly this is not simply a 
matter of innovating industry operations, but also of streamlining the policy frameworks governing 
them, acknowledging the ambiguity of residual risk, clarifying post mining land use aspirations and 
acknowledging the many stakeholders and environments affected by these decisions across the 
region.    

THE VALUE OF THINKING BEYOND CLOSURE 
Table 1 summarises the indicative value add elicited for each pathway outlined above. Overall, the 
model suggests that more than $ 2 billion in value could be generated across all stakeholders by 
factoring post closure futures into the mining value chain.  Clearly there is much work to be done to 
tighten up this analysis, the timeframes within which h value will be realised and the distribution of 
that value across different stakeholders in Australia.  However, in summary the model has validated 
the case for working collaboratively to enable post mining futures to be incorporated into the decision 
making of mining operations and long range regional planning.  Five areas of impact are particularly 
significant: 

• Strengthening social license for mining companies 

• Enabling continued investment in Australian resource operations by reducing the risk of trailing 
liabilities for investors 

• Reducing the risk of unfunded, abandoned liabilities for states 
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• Facilitating sustainable ecosystems and livelihoods post mining for dependent communities 

• Growing the competitiveness of Australian enterprises in an emerging billion dollar global mine 
closure and rehabilitation marketplace 
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Table 1: Delivering value by facilitating post-closure futures  

Innovate 
valuation 
models for long 
life projects 
 
 

Intangible value (such as social 
performance) and externalities (such as 
post mining landuse) can be factored into 
operational decisions by broadening the 
definition of value in mine planning and 
design. 

è Efficiency gains through better 
operational decisions over life of mine 
and lower trailing liabilities for mining 
companies. The gains will be 
achieved through taking a longer 
term view of asset management and 
placing appropriate weight on 
rehabilitation objectives and risk 
when making capital and operating 
decisions. Efficiency gains through 
progressive rehabilitation alone are 
valued at $231M NPV 

Innovate 
assessment 
tools for total 
risk from long 
life projects 

Business process improvements along the 
value chain are improved if based on 
prediction of residual risk and liability 
remaining at a site upon completion of 
mining operations  

Determine risk-
reward trade-
offs for 
alternative post 
mining futures 

Acceptable and context specific levels of 
residual risk require negotiation between 
stakeholders based on evidence based 
analysis of the risk/value trade-off of 
different post mining landuse options. 

Build smart 
architecture for 
closure design  

Best options for long term risk 
management and value creation can be 
identified early by monitoring and 
integrating knowledge and data across the 
region and over time 

èImproved environmental outcomes 
through better understanding of 
technical risks and response to 
interventions (non-monetary benefit) 

 
Reduce 
biophysical risk 
through 
technology. 
 

New technology and innovation can be 
used to:  1) intervene to prevent the 
creation of closure risks and 2) address 
critical closure risks and 3) quantify 
ecological responses to interventions 

èNew commercial IP, products and 
services for export overseas. Value of 
sales of new technology estimated to 
be $975M NPV 
 

Stimulate 
resilient closure 
supply chains 

Closure and post closure economic activity 
can be stimulated and incentivised by 
understanding the interdependencies of 
supply chains,   

è  A stronger METS sector in 
regional economies, leading to 
increased jobs  in rehabilitation and 
post-mine ventures. Regional closure 
services jobs estimated at $17m with 
additional non-monetary benefits, 
measured through job numbers 

 
In addition to the pathways for value creation outlined in Table 1, the use of common and accessible 
data and knowledge platforms was identified as a critical enabler of value. Conceptually, if 
governments, communities the private sector can use the same data and knowledge platforms to 
underpin closure decision making and post closure planning, greater consensus can drive a great 
certainty in outcomes. Significant non-monetary value can be created through increased trust and 
respect for different knowledge systems. 

Pathway Conceptual Hypotheses Value Creation  
 

Harmonise 
Policy 
 

Greater certainty can be provided to 
investors if relinquishment policy 
constraints and ambiguities are reformed 

è Reduced cost of capital for mining 
projects through greater policy 
certainty, estimated worth $646M 
NPV 

Determine viable 
next use landuse 
options within 
regional context. 

Early action to align operations and 
closure criteria requires evidence based 
incorporation of next best landuse 
considerations into decision making by 
industry, governments and community,. 

è Increased regional investment in 
productive post-mine land use.   
Estimated to yield benefits of $291M 
NPV for the agricultural sector alone. 
 

Understand and 
incorporate 
multiple social 
values 

A clearer understanding of community 
values and hence greater consistency in 
guidelines on post mining aspirations 
requires deliberative decision systems 
with high level of community engagement 

è Lower government policy and 
administration costs through clearer 
guidance on post-mine use, and less 
protracted closure processes. 
Estimated  cost saving of $6.5M NPV 
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THE CHALLENGES OF THINKING BEYOND CLOSURE 
However, the realisation of this significant value-add for a range of stakeholders challenges many 
long established paradigms that drive the decisions of miners, those in government and 
communities. Most significantly, decisions are typically based on a business case, and business 
cases typically focus on (economic) return on investment for a single stakeholder. The conceptual 
model presented here is based on the delivery of long term shared benefit  and raises the following 
issues: 
Sharing costs and benefits (and risk) across stakeholders:  Shared benefit accrues to multiple 
different stakeholder groups and does not reflect a direct economic return to the mining company 
undertaking the closure process. Under today’s corporate model, the goal of the mining company is 
to relinquish the lease as efficiently as possible and so post closure value is therefore not a salient 
issue in the board room, except in as much as it assists in building trust and securing social license 
to close an operation. 
Quantification of intangible or non-market benefits: Whilst there are undeniable arguments that 
positive social performance goes straight to the bottom line of a mining company, the relationship is 
not amenable to a simple cost-benefit analysis and is notoriously difficult to quantify in a financial 
business case. 
Subjective nature of risk and the quantification of this perceived risk : What constitutes “value” or 
“risk”? This varies between stakeholder groups, between individuals within stakeholder groups and 
over time for those individuals.   Many types of value or risk can be and are quantifiable in monetary 
terms.  However, some remain intangible but are no less important. The perception of value or risk 
also varies with different stakeholders based on their culture, beliefs and occupation.  These different 
systems of perceiving value and risk can be incommensurable  
Discounting of future economic benefits:  The long timeframes for realising post closure value skews 
its impact in short term decision making.  Large long term gains are strongly discounted in shorter-
term operational decision-making.  In the private sector, cash flow models disincentivise action and 
expense in the short term to realise benefit in the long term. 
Misalignment of roles/responsibilities of Institutions (long term regulatory role of government versus 
short term business planning role of industry):  The public sector is better equipped to consider long 
term societal gain from short term action.  However, having approved commencement of a mining 
operation there is a tendency to separate mining regulation from regional scale and long-range 
development.   
No single tool or framework can internalise and resolve these differences. The process of decision- 
making needs to acknowledge these issues, the uncertainties that they introduce and the fact that 
they are not soluble by operational innovation alone.  Instrumental challenges such as barriers to 
collaboration, barriers to innovation adoption, imbalances in power and authority to engage in 
decision making all play their part. 

NEXT STEPS 
This paper presents an early conceptual model indicating a potential $2 billion in value can be 
realised by factoring post closure considerations into decision about mining. The model requires 
further validation and quantification. 
 More significantly, the realisation of this value requires innovation in the way industry, governments, 
community and suppliers prepare for, manage and govern mine closure and relinquishment.   This 
innovation includes technology innovation to reduce residual risks, process innovation to negotiate 
closure solutions that maximise positive post closure opportunities and institutional innovation to 
better integrate mine closure plans into long range regional development. 
These issues can only be addressed through multidisciplinary research, developed and actioned 
through appropriate cross-sector collaborations between researchers, industry, community, 
suppliers and government. 
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INTRODUCTION 
In 2020, OZ Minerals released the Carrapateena Block Cave Expansion Prefeasibility Study (PFS) 
for the expansion of its Sub Level Cave mine to a 12 Mtpa Block Cave mine. The team responsible 
for delivering the PFS did so using an Agile delivery methodology, along with an adaptive leadership 
approach using Vertical Development. This new and innovative approach resulted in improved 
project delivery, output quality, project economics and Life of Mine sustainability outcomes, 
compared to traditional project management methods. 
Agile methods have been widely applied to other industries and represent an opportunity for the 
mining industry. Agile methods have two main focuses, one being ‘above the line’ that employs tactile 
and practical mechanics of the agile process and practices; the second being ‘below the line’ mindset 
and interpersonal development to manage the Volatility, Uncertainty, Complexity and Ambiguity 
(VUCA) and emergent team dynamics. Agile increases visibility of work underway, by progressively 
adapting work outcomes and incrementally delivering business value while reducing risk. It does all 
these things with the intention of delivering value at a faster rate compared to the traditional ‘waterfall’ 
study and project management methods commonly used in the mining industry. 
Agile methods that develop ‘below the line’ mindset and interpersonal development also support a 
growth in Vertical Development of individuals and teams through retroflection and continuous 
learning. Research suggests that most professionals and managers are in the lower levels of 
leadership evolution of Expert or Achiever (~68% of leaders), with opportunity to grow towards the 
post-heroic or more inclusive and advanced levels of leadership development of Individualist, 
Strategist and Alchemist levels (~15% of leaders) (Torbert, 2005). 
Research indicates that professionals and leaders within the post-heroic levels are more likely to 
develop key stakeholder relationships dedicated towards the common good (Joiner, 2007), and be 
focused on delivery of holistic and sustainable value for future generations. Traditional mining studies 
and operations are largely focused on managing fundamental near-term threats. Agile leads to 
greater openness, more collaborative work, and better outcomes for both the total Life of Mine and 
impacted stakeholders. 
The use of Agile on the Carrapateena Expansion project culminated in a ‘boots-on-the-ground’ 
approach to stakeholder collaboration (Steelcaps), an adaptive and curious mindset to project 
delivery (using sticky-notes) and a light-hearted and team-focused approach to delivering a 
successful outcome, together (which has more to do with a squeaky chicken than you might think…). 

CARRAPATEENA 
OZ Minerals is a copper-focused, modern mining company based in South Australia, who cares 
about their people, environment, the heritage of the people they work with and the communities in 
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which they operate. OZ Minerals’ strategy is centred around value creation for its Stakeholders and 
its culture underpinned by the “How We Work Together” principles and behaviours. 
Carrapateena is a copper-gold Sub Level Cave mine operating at ~4.25 Mtpa, located 500 km north 
of Adelaide, South Australia. In 2020, a Prefeasibility Study (PFS) was published, which looked at 
converting the lower portion of the sub level cave to a series of block caves, potentially expanding 
the expected annual throughput rate to 12 Mtpa (OZ Minerals, 2020). 
Traditional PFS studies are carried out with a project management methodology known as ‘waterfall’. 
According to this concept, the project is divided into different phases. Work is planned out 
comprehensively ahead of time to ensure all dependencies are well understood. One phase needs 
to be completed before another phase begins and work is carried out in series, where dependencies 
are pre-determined and work is broken down and assigned to the experts in each area to deliver ‘per 
the plan’. 
Agile is central to OZ Minerals’ Strategy and was central to delivering the Carrapateena Expansion 
PFS in a non-traditional way. The PFS team needed to learn how to challenge traditional waterfall 
project management, where Agile’s incremental delivery would be sought, and the team would form, 
storm and norm (Tuckman, 1965) around being a multi-specialist, multi-disciplinary team that could 
learn from and lean on each other to produce successful outcomes for the study. 

AGILE 
Developed during the 1990s as a number of lightweight software development methods to respond 
to prevailing heavyweight methods and increase customer interaction, the Manifesto for Agile 
Software Development was published in 2001 (Wiki, 2021). The manifesto is based on 12 principles 
and proclaims the Agile Values of: 

• Individuals and interactions over processes and tools 

• Delivering outcomes over comprehensive documentation 

• Stakeholder collaboration over contract negotiations 

• Responding to change over following a plan 
In supporting Agile Values, Agile Project Management methods and ways of working focus on 
iterative, incremental and evolutionary delivery of small parts of work, efficient face-to-face 
communication, with very short feedback loops and adaptation cycles that support a focus on quality 
outcomes (Wiki, 2021). This approach is different from traditional ‘waterfall’ methods, which focus 
on detailed project scopes delivered at the end of many months work in isolation, with critical paths 
that require prior work outputs being ready before the next step in the process can occur (Atlassian, 
2021). 
Agile Project Management includes and integrates tools such as Scrum and Kanban to enhance 
visibility and teamwork. Scrum focuses on a set cadence for the work and the use of ‘ceremonies’ 
such as Planning, a Daily Stand Up (frequent check-ins), a Work Review and a Team Retrospective 
all held cyclically within a single cadence window – often referred to as a ‘Sprint’ – and typically no-
longer than two to three weeks in length. Kanban works on continuous flow of work with openness, 
visibility, transparency and tracking of progress. Other practices such as Showcases allow people to 
progressively present and share their work, allowing for transparency, feedback and adaptation as 
the work is developed. 
The OZ Minerals team learned to refer to the components of Agile project methodology, including 
the components of ‘above the line’ (tactile and practical) and ‘below the line’ (mindset and 
interpersonal) agile practices (The NXT, 2021), both of which were a driving force in the successful 
delivery of a high-quality and future-thinking Carrapateena Expansion PFS. Facilitated by the 
integration of mindsets, skillsets, toolsets and culturesets that Agile enabled, another observed 
growth during the PFS was the increased level of thinking, sustainability and understanding of holistic 
value within the study team, not the least of which was the impact of increased psychological 
openness and individual innovativeness (or at least, increased permissions toward these), including 
a social contract to enhance curiosity, broad-mindedness, imagination and original ideas (Ali, 2017). 
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The mining industry is generally good at delivering outcomes and responding to change, however, 
there is an opportunity for it to improve and gain value by focusing on ‘individuals and interactions’ 
and ‘stakeholder collaboration’, as well as ‘below the line’ mindset and interpersonal growth. 
Increased vertical development provided individuals and teams with enhanced interpersonal skills to 
manage the Volatility, Uncertainty, Complexity and Ambiguity (VUCA) facing organisations, showing 
the opportunity presented for Agile and working differently. 

VERTICAL DEVELOPMENT 
There are two strands of development growth, both of which are important and interconnected, 
representing two sides of the same coin: 

• Horizontal Development is where information, knowledge and skills are added to what we 
already know. The current way of viewing things becomes more detailed, refined, and broad. 
Individuals become increasingly skilled and knowledgeable in their current leadership level. 

• Vertical Development is upward growth to a new leadership level (e.g., Heroic Achiever to 
Post-heroic Individualist and beyond). Individuals expand their capacity to think, feel and act 
in more complex and adaptive ways. They grow beyond their old meaning-making system and 
transform the way they see the world and how to negotiate it (Petrie, 2021). 

Many leaders are struggling to accommodate the new complex environment and VUCA. Many of the 
skills traditionally associated with leadership effectiveness no longer generate superior value or the 
ability to solve the challenges that we now face on a day-to-day basis (Holliday, 2021). In the past, 
leadership capacity was about technical skills and what we know (Horizontal Leadership), today’s 
leadership is about sense-making, and how we use what we know (Vertical Leadership). It is not 
about what we can do, it is about what we could do. 
Dawson (2018) and others have identified a growing gap between the complexity of the workplace 
and the capabilities of leaders. This gap has contributed to what is referred to as a complexity crisis, 
in which leaders are forced repeatedly to make decisions without an adequate understanding of the 
long-term ramifications of these decisions. The Leadership Decision-Making Assessment (LDMA) is 
a learning tool that supports the development of leaders' decision-making skills, including the VUCA 
skills – Perspective Taking and Seeking, Perspective Coordination, Collaborative Capacity, 
Contextual Thinking and Decision Making (Holliday, 2021). The LDMA provides specific and detailed 
feedback on how leaders can increase their capacity to work with complexity and uncertainty.  

Vertical Development and Agile 
Within the Carrapateena Expansion PFS team experience, the ‘below the line’ Agile practices and 
Vertical Development growth were integrated and not standalone activities. These included use of 
LDMAs to baseline and track the growth in Vertical Development over time. The Scrum ceremony of 
team ‘Retrospectives’ was used to reflect on the individual and team ways of work, mindset, 
discussing vertical development reading, coaching and learnings as shown in FIG 1 below. 
The use of Agile and new ways of work forced the team into a learning mindset, taking on new tools 
that helped push them out of their comfort zone, and priming the team for the development of VUCA 
skills. The process of developing the mindset to think through and be okay with doing things 
differently supports a lift in the individual’s Vertical Development and the capacity to think and 
navigate the world in new ways.  
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FIG 1 – Agile Scrum integrated with Vertical Development growth (The NXT, 2021) 

The Carrapateena Expansion team’s increased level of thinking and openness to experience led to 
improved sustainability and holistic value over the course of the study, which represents an increase 
in Vertical Development perspectives and illustrates the linkage between Agile methods and Vertical 
Development growth to increase early value delivery.  
The integration of ‘below the line’ Agile and Vertical Development coaching allowed a shift in the 
perspective of value across the entire PFS team, resulting in improved quantitative and qualitative 
value outcomes. 

SUPERIOR LIFE OF MINE OUTCOMES 
An existing (traditional Heroic) suite of leadership competencies may be insufficient for addressing 
many sustainability challenges (Brown, 2011). Post-heroic Leaders appear to design from a deep 
inner foundation, access non-rational ways of knowing, and use systems, complexity and integrated 
theories that show a constructive-developmental lens, thus providing important insight for 
sustainability leadership theory (Brown, 2011). 
Significant qualitative and quantitative value was observed from the use of Agile ‘above the line’ and 
‘below the line’ as well as the Vertical Development growth within the Carrapateena Expansion PFS 
team, and the resultant work product produced the multi-disciplinary, cross-functional work outputs. 
Qualitative value: 

• The ‘below the line’ focus and practices, such as Retrospectives, developed a highly 
collaborative, happy, open, psychologically safe team that was able to self-organise and 
respond to change due to intrinsic ownership of the overall study delivery. This included a real-
time adaptation to COVID-19 lockdown without interruption to study deliverables. 

• The Vertical Development growth and focus on OZ Minerals’ Aspirations allowed the team to 
not only focus on controlling fundamental threats associated with the study, but also to connect 
material opportunities and appreciate less tangible forms of qualitative value for OZ Minerals’ 
Stakeholders. This included a range of identified opportunities that were actioned at the 
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existing Sub Level Cave operation to improve confidence, along with additional opportunities 
for investigation in the subsequent Feasibility Study, following Board approval. 

• The PFS also delivered a significant increase in the value and consideration of OZ Minerals 
Value Creation Stakeholders (Community, Employees, Government, Shareholders and 
Suppliers). This included a deep understanding of the highest credible impacts (positive and 
negative) of the proposed Block Cave across all five Stakeholder pillars. 

• The PFS also embedded increased ethical and sustainable mining through focus on material 
opportunities of Green Mine, Ore Sorting, Water Sustainability and Future Workforce, including 
the scoping for additional value-creation beyond traditional study activity in the next phase of 
works. 

Quantitative value: 

• The PFS was delivered on schedule and under budget. 

• Project Net Present Value (NPV) and financial metrics increased compared to the previous 
Scoping Study. 

• Risk ranking of Material Threats associated with the project reduced, and Material 
Opportunities through research and development (R&D), minimum viable products (MVPs) 
and test work progressed. 

• The PFS delivered a series of high-quality output documents that met the needs of key 
stakeholders, including independent peer review, Executive Committee, Board, ASX, market 
analysts and OZ Minerals’ Stakeholders. 

MINING INDUSTRY OPPORTUNITY 
The Agile and Vertical Development results from the Carrapateena Expansion PFS represent an 
opportunity for the mining industry. As achieved in the PFS, parallel work in both ‘above the line’ and 
‘below the line’ project delivery, and development alongside Vertical Development growth to develop 
professionals and leaders, reinforces a dedication towards the common good and a focus on the 
delivery of holistic and sustainable value for future generations. 
An increased number of Post-heroic Leaders within the mining industry in key leadership and study 
roles has the potential to increase intrinsic focus on ethical and sustainable mining in the future, with 
an increased focus on Life of Mine, holistic value for future generations and bias towards working 
innovatively to address current and future challenges facing the industry. 
There is the potential to use tools such as LDMA as part of the selection requirement in determining 
the suitability of candidates for key roles within mining companies, studies and operations. A 
potential framework for the Vertical Development requirements of key scopes and levels of work is 
illustrated in FIG 2 below. 
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FIG 2 – Framework for Vertical Development suitability for scope and levels of work within the 

mining industry studies and operations 

CONCLUSIONS 
The use of Agile ‘above the line’ provides teams with a vehicle to iterate and continuously improve 
in a cross-functional environment, providing the platform for regular and sustained ‘below the line’ 
individual and team Vertical Development growth. This cadence and commitment allowed the 
Carrapateena Expansion team to improve both quantitative and qualitative value for OZ Minerals’ 
Stakeholders. 
There is an opportunity for the mining industry to improve outcomes and control project delivery risks 
using Agile methods while supporting Vertical Development growth of its professionals and leaders. 
This opportunity would likely result in: 

• Improved openness to diverse experience 

• Innovative outcomes and leadership to address current and future challenges facing the 
industry 

• Focus on holistic and ethical value for all stakeholders and future generations 

• Increased sustainability of Life of Mine. 
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INTRODUCTION  
Mining companies are in a predicament. Poor brand perception, capped valuations, particularly in 
comparison to other, more fashionable sectors, threats from new entrants and the circular economy, 
as well as emerging demand disintermediation all contribute to an industry approaching a tipping 
point in long term value creation.  
The mining & metals ecosystem represents the value chain from extraction and refining of raw 
materials to manufacturing of consumer products and end of life management. The sector is often 
seen as the ‘weak link’ in this value chain; an issue that is being amplified by demands for a greater 
the circular economy.     
However, the mining sector continues to be crucial in providing the raw materials for much of 
society’s needs, and paradoxically, is a vital to society’s transition to a low carbon economy. This is 
often overlooked by stakeholders that rely on mined materials, and the associated economic benefits 
the sector creates.   
In front of the sector are some fundamental challenges which have consequences that will amplify 
in impact in the short, medium and long term if not addressed. Two loom large in this regard.  

THE BRAND OF MINING  
The pressure on the sector with regard to sustainable performance and transparency is immense, 
and the brand; which too often companies separate from their own brand, continues to be 
challenged.   
Putting aside the nuances of different types of metals, the underlying thought process is mining, digs 
a hole in the ground, takes things out of the ground -which cannot be replaced - in the process 
creates large amounts of waste and when done leaves a legacy that can change the natural 
environment and communities that have supported it forever - not a great picture. For activists a 
more stark description is mining = coal = bad! Myopic, but an uncomfortable reality too easily 
dismissed.   
This perception isn’t helped by global headlines relating to major incidents and catastrophic events 
continuing to undermine the progress the sector is making.  
This picture is unattractive for investors and future employees, particularly when compared to ‘cool’ 
sectors like tech. Market valuations support that perception, with mining companies valued far lower 
than other sectors.   
Collectively this amplifies the ‘trust gap’ between the sector and its stakeholder base, not buying into 
mining’s promises to do ‘good’. The industry’s response to Covid presents an opportunity to address 
some of that.  

COVID-19 AND THE CHANGING EXPECTATIONS OF SOCIETY  
The tangible and more subtle longer term impacts of the Covid-19 pandemic, cannot be ignored. 
Tangible in so far as investors wanting comfort projects can deliver the returns suggested while also 
expecting companies to be seen to be helping local communities through this terrible time. The more 
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subtle impacts come from social issues. People forced to isolate and the knock on mental and 
physical health impacts.  
For many around the world there has been a reflection on how fragile our way of life is, what we 
want to do, who we want to work for, how we want to work – even where we want to live? One aspect 
of that going forward is considering what responsible business should look like and its societal 
impact. This is as relevant to the mining sector, as any other, and how the sector responds creates 
an opportunity to reset the brand of mining. What is the mine we want to see and the mining company 
we want to be?  

RETHINKING AN APPROACH TO THE SECTOR  
This presentation will explore:  

1. The evidence from key stakeholder groups regarding perceptions of the sectors sustainability 
performance;  

2. Whether the sector is at a ‘tipping point’, and what this means for the future of the sector;  
3. A strategic roadmap to respond to stakeholder pressure through six strategic imperatives 

across the ‘Life of Mine’ (Mine Planning & Operational Excellence; Water Custodianship; 
Social and Economic Performance; Carbon & Energy; Closure & Regeneration); and in doing 
so,  

4. Avoiding crossing the ‘tipping point’ to create competitive advantage, and improve brand 
position as individual companies and the sector more broadly.  
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PRACTICAL METHODOLOGIES AND APPLICATIONS 
RESULTING IN SUCCESSFUL CLOSURE OUTCOMES  
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INTRODUCTION 
For many mines, tailings need to be managed and contained both during and post-mining. Storage 
of tailings is problematic as they are fine grained and may contain process chemicals or have other 
properties that require separation from the external environment. Tailings are usually highly erodible 
due their size (a fine grain). For many mines, the most suitable solution for long-term storage is 
containment within a dam.  
A dam can be constructed within an existing catchment if suitable or sit proud above the existing 
landscape. However, any dam needs to be designed, managed and maintained so that the 
encapsulated material remains isolated long after mine closure. Here we demonstrate the use of 
computer based Landscape Evolution Models to assess a tailings dam. Landscape Evolution Models 
have the ability to predict type of erosion (sheet, rill, gully), rates of erosion and importantly where 
erosion may occur. The models allow a risk assessment of a design. Of particular relevance is 
incision by gully erosion which results from concentrated flow on the dam cap and is channelled 
down the dam wall. The information provided by Landscape Evolution Models is particularly useful 
for dam design for both short (1-100 year) and long term 100 to 1000 year assessment.    
A theoretical standalone TSF in two forms is examined (1) a ‘Store and Release’ (S+R) cover and 
(2) a capped design (Cap) (FIG 1). The designs are based on similar proposed structures assessed 
by the authors and were designed by the authors.  Both have the same footprint and wall 
(embankment) slopes.  The S+R structure is designed with a bund at the top of the embankment of 
which the only runoff it is subject to is that captured on the slope itself. The design has no spillway 
for any captured runoff to exit and is centrally draining with capacity to contain a Probable Maximum 
Precipitation (PMP) event. The Cap design is such that all rainfall is shed across the surface and 
controlled by the low slope of the cap with any excess runoff shed over the embankment. Therefore, 
the embankment is required to be erosionally stable as the cap has a large catchment area.  
The TSF dimensions used here are approximately 290m by 290m covering an area of approximately 
9ha. Maximum height is approximately 15m for the Cap design. The TSF sits proud above the 
surrounding landscape on a ground slope of approximately 1%.  
Here the SIBERIA model is employed. SIBERIA is a model that has been used extensively by the 
mining industry (Hancock and Willgoose, 2018). SIBERIA requires hydrology and sediment transport 
parameters before use. A set of parameters determined from site specific data using a flume were 
used and represent a surface clad with weathering resistant rock used as an armour. Using these 
parameters SIBERIA was run for 1000 years. It should be noted that SIBERIA can also be run for 
both shorter or longer time periods. 
FIG 2 displays the S+R TSF at 1000 years and demonstrates that erosion using these parameters 
is gradual as a result of rilling and sheetwash with some small gullies present on the outside 
embankment. Deposition occurs at the base of the slope. At 1000 years small gullies run from the 
top of the embankment to terminate at the depositional zone at the base of the embankment with 
maximum depth of 0.48m and little change in hillslope profile. The Cap TSF has  gullies at the break 
in slope from the cap to embankment. At 1000 years the gullies have grown and are incising into the 
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cap. They are regularly spaced around the structure demonstrating that this is a common feature for 
this material and design. Maximum gully depth is 4.40m.  
For both the S+R and Cap design erosion rates are less than 1.5 t ha-1 yr-1. This erosion rate 
calculation is an average over the entire modelled domain and is based on the difference between 
erosion and deposition. Erosion rates where gullies occur are orders of magnitude higher. 

 
 

 
 
 

FIG 1 – Standalone tailings dam designed to control a significant storm (top) and the same 
structure with a cap designed to shed runoff (bottom). Dimensions are metres.  
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FIG 2 – Store and release (top) and Capped TSF (bottom) after 1000 years of erosion. Dimensions 

are metres.  

The simulations assume a uniform cover that is maintained for the duration of the simulation and is 
an ideal situation, however unlikely to occur in reality. Any loss of armour can be managed to 
minimise erosion risk in the early years of establishment. In particular for a Cap design, erosion is 
initiated at the break in slope from the cap to embankment. Therefore, armour placement should be 
concentrated on the inner and outer embankments. The main consideration of a S+R design is that 
it contains all ponded water (i.e. has sufficient freeboard) (McKenna and Van Zyl, 2020). This work 
suggests that a tailings dam that can capture rainfall can erode less than a capped design that must 
shed any runoff. There are several other models that can provide insights into tailings dam behaviour 
which the authors are currently employing (Coulthard et al., 2013; Welivitiya et al., 2016, 2020). 
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CONCLUSION 
Tailings dams and their failure risk has received considerable attention recently due to several high 
profile incidents Long-term erosion of tailings dams and their evolution has received little attention 
(McKenna and Van Zyl, 2020; Oberle et al., 2020).  
Here a numerical Landscape Evolution Model is used to predict millennial scale landscape behaviour 
of two hypothetical tailings dam designs. Post-mining landscapes such as tailings dams will become 
permanent features of the environment so assessing and optimising design is essential. Landscape 
evolution models can provide insights into tailings dam performance across a range of time scales. 
The method demonstrated here is readily transferable to other situations and  be a component of 
dam assessment. 

ACKNOWLEDGEMENTS  
This paper developed from discussions with the mining industry, consultants and government who 
recognised the need for better tailings dam design and assessment.  

REFERENCES  
Hancock, G R, Willgoose, G R, 2018. Sustainable Mine Rehabilitation – 25 Years of the SIBERIA Landform Evolution and 

Long-term Erosion Model, FROM START TO FINISH: A LIFE-OF-MINE PERSPECTIVE, Australian Institute of 
Mining and Metallurgy. 

McKenna, G, Van Zyl, D. 2020. Chapter VIII Closure and reclamation, in Oberle B, Brereton D, Mihaylova A. 2020. Towards 
Zero Harm: A Compendium of Papers Prepared for the Global Tailings Review. St Gallen, Switzerland: Global 
Tailings Review. https://globaltailingsreview.org/ (accessed November 2020). 

Oberle, B., Brereton, D., Mihaylova, A. 2020. Towards Zero Harm: A Compendium of Papers Prepared for the Global 
Tailings Review. St Gallen, Switzerland: Global Tailings Review, https://globaltailingsreview.org/ (accessed 
November 2020). 

Welivitiya, W D P, Willgoose, G R, Hancock, G R, Cohen, S. 2016. Exploring the sensitivity on a soil area-slope-grading 
relationship to changes in process parameters using a pedogenesis model, Earth Surface Dynamics, 4, 607–625, 
2016, www.earth-surf-dynam.net/4/607/2016/doi:10.5194/esurf-4-607-2016 

Welivitiya Dimuth W D P, Willgoose, G R,  Hancock G R 2020. Geomorphological evolution and sediment stratigraphy of 
numerically simulated alluvial fans, Earth Surface Processes and Landforms, DOI: 10.1002/esp.4872 



87 

RECOVERY TRENDS FOLLOWING FIRES IN REHABILITATION IN 
CENTRAL AND SOUTHERN QUEENSLAND 

P. McKenna1, P. Erskine2, S. Phinn3, V. Glenn4, D. Doley5 and N. Ufer6 

1. Senior Research Officer, Centre for Mined Land Rehabilitation, Sustainable Minerals Institute, 
The University of Queensland, Australia, 4072. p.mckenna@cmlr.uq.edu.au 

2. Associate Professor and Director, Centre for Mined Land Rehabilitation, Sustainable Minerals 
Institute, The University of Queensland, Australia, 4072. p.erskine@uq.edu.au 

3. Professor and Director Remote Sensing Research Centre, School of Earth and Environmental 
Sciences, The University of Queensland, Brisbane, Australia, 4072. S.phinn@uq.edu.au 

4. Research Officer, Centre for Mined Land Rehabilitation, Sustainable Minerals Institute, The 
University of Queensland, Australia, 4072. v.glenn@uq.edu.au 

5. Honorary Associate Professor, Centre for Mined Land Rehabilitation, Sustainable Minerals 
Institute, The University of Queensland, Australia, 4072. d.doley@uq.edu.au 

6. Research Officer, Centre for Mined Land Rehabilitation, Sustainable Minerals Institute, The 
University of Queensland, Australia, 4072. n.ufer@uq.edu.au 

Keywords: resilience, severity, mining, vegetation, biomass, recovery traits 

INTRODUCTION 
When it comes to stochastic and random events such as fire, flood, cyclone, disease and drought, 
there is a minimum expectation that rehabilitated ecosystems have the capacity to persist following 
such challenges. These events are becoming more likely given the changing climate across 
Australia. With an average temperature increase of 1.44 ± 0.24 °C (above 1910 levels), the country 
is experiencing greater heat waves leading to more extreme fire weather; higher chance of extreme 
fire events and longer fire seasons (CSIRO, 2020). In November 2018, the central highlands region 
received its first catastrophic fire danger rating. With the widespread planting of high biomass buffel 
grass, unmanaged fuel loads, and sloping landforms (Erskine and Fletcher, 2013) the likelihood that 
rehabilitation managers will experience the occurrence of stochastic events is increasing, and it is 
crucial that we improve our understanding of any threats or opportunities.   
This raises a number of questions for mining companies working towards rehabilitation certification, 
mine closure and the achievement of key goals for rehabilitation: to provide an end land use that is 
safe, self-sustaining, non-polluting and stable (Queensland Treasury, 2017). Does mine site 
rehabilitation have the resilience to withstand a range of disturbance impacts? What are the short 
and long-term fire impact and recovery trends that can be expected of rehabilitated landscapes 
following fire?  
The ACARP fire project C27044 assessed a number of controlled and uncontrolled fires that 
occurred in rehabilitation in central and southern Queensland between 2015 and 2019. Fire severity 
and vegetation recovery were assessed at four rehabilitated coal mine sites in central and south east 
Queensland using ground based transects and remote sensing. Vegetation metrics included grass 
biomass, species richness and tree and shrub density using methods described in McKenna et al. 
(2019). Post-fire monitoring occurred at regular intervals for up to five years-post-fire.  
Pasture biomass showed an increasing trend following fire impacts at all four sites presented in 
Error! Reference source not found.. These results show changes that are reflective of daily rainfall 
totals, with overall trends linked to wet season rainfall. Mine 1 shows a dramatic improvement in the 
burnt sites, with burnt areas recording higher than unburnt control sites (FIG 1A). Mine 2 burnt sites 
show a trajectory towards pre-fire levels, but have not yet fully recovered (FIG 1B). Biomass at Mine 
3 has returned to pre-fire levels within 18-months of the fire event, while the unburnt controls 
demonstrate the capacity for biomass to increase and decrease due to wet season rainfall (FIG 1C). 
Mine 4 rehabilitation showed biomass recovery to pre-fire values within 2-years, with subsequent 
low rainfall totals reflective of a declining biomass trend at 3 and 5-years post-fire (FIG 1D).  
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Tree and shrub density recovery varied according to fire recovery traits and fire resistance of 
individual species. Acacia salicina and Acacia stenophylla recorded significant vegetative re-
sprouting, resulting in a large increase in woody density across open woodland areas aiming for 
native ecosystem end land uses (FIG 2A). This was contrasted by the widespread death of Atriplex 
nummularia (old man saltbush) which was dominant across one of the sites, and in the 2 years after 
the burn recorded an 88% decline in density, leading to a structural change in a key component 
utilised by macropods and other fauna (FIG 2B). 
The results suggest that the rehabilitated areas demonstrated short-term resilience and the capacity 
to respond following high severity fire impacts. Long-term resilience appears to be highly dependent 
on: i) seasonal rainfall patterns and ii) individual species recovery traits. Long-term ecosystem shifts 
are likely due to differences in woody species responses and the implications on rehabilitation 
certification, mine closure and residual risk should be further addressed.  
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FIG 1 – Biomass recovery at four different mine sites. A= Mine 1, B= Mine 2, C=Mine 3, D= Mine 4. 
The red dashed line represents the time of the fire. Note that Mine 1 was an uncontrolled burn, 

therefore does not have pre-fire values. 

 

 

 

 

 

 
 

FIG 2 – Differences in species responses following fire. The notable re-sprouting response from 
Acacia species (<2m) over 5 years at Mine 4 (A) is contrasted with the 88% decline and death of 

Atriplex nummularia compared to unburnt control sites over a two-year period at Mine 3 (B). 

A 

B 
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INTRODUCTION 
The Hazelwood Power Complex closed in March 2017 after over 60 years of operation. During this 
time approximately 772 Mt of coal was extracted from the Hazelwood Coal Mine and used for 
electricity generation. Approximately 195 Mm3 of overburden was stripped during the mining 
process. The overburden was placed in three designated areas; the Western Overburden Dump 
which is closed and rehabilitated, the Internal Overburden Dump, which is located inside the mine 
operational area and the Eastern Overburden Dump (EOD). The focus of this paper is the EOD.  
Overburden at the Hazelwood Site comprises a mix of clay, silts, sandy clays, inter-seam sediments, 
coal and peat, all of which have been removed and transposed as part of the exposure and mining 
of the coal resource. These heterogeneous lithologies have vastly different physical and chemical 
properties, all of which have the potential to influence the surrounding environment in different ways.  
Within the EOD are licenced landfills, predominantly filled with ash; a waste product from the burning 
of coal during the energy generating process. Asbestos dumps and hard rubbish dumps are also 
located on the EOD. Other industrial waste material such as grus and briquettes may be buried 
within the EOD, outside of the landfills.  
As part of the long-term rehabilitation of the Hazelwood site, a water management strategy has been 
developed in order to achieve ENGIE’s key closure objectives of creating a safe, stable, sustainable 
and non-polluting landform to protect the beneficial uses of surrounding receiving waters and avoid 
adverse environmental impacts to land, surface water and groundwater.  
Investigative studies completed to date include assessments of surface water quality and flow off 
the EOD through the installation of automated monitoring stations, groundwater gauging and 
sampling including the installation of multiple nested groundwater monitoring wells, geophysical 
electrical investigations, soil mapping and sampling, infiltration studies, vegetation surveys and 
assessments and geotechnical erosion mapping. These studies have been key in informing closure 
decisions regarding the end land use and water management plans for the EOD and the broader 
site. Additional investigative studies are planned including geological investigations, hydrogeological 
assessments and long-term water treatment strategies. 

SURFACE WATER  
Drains, creeks and surface water flows across the EOD are ephemeral. Surface water runoff on the 
EOD is collected in spoon drains and directed into runoff ponds on the lower slopes and directly into 
Bennett’s Creek, which passes through the northeastern boundary of the Mine License.  Some 
surface water runoff on the EOD is also directed to the Works Effluent Pond which discharges to the 
Hazelwood Cooling Pondage and ultimately into Eel Hole Creek to the southwest of the EOD.    
Automated monitoring stations are erected on upstream Bennett’s Creek where the water body 
enters the site and downstream where it exits site. The stations record water level (m), flow rate 
(ML/day), electrical conductivity (µS/cm), temperature (°C), pH, and redox (mV). A third monitoring 
point is located in a drain which directs surface water from the EOD into the creek. The automated 
stations allow ENGIE to assess in the real time water quality and flow of Bennett’s Creek and 
determine whether runoff from the EOD is affecting the water quality of the creek.  
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To assist in understanding surface water movement across the EOD a bi-monthly water quality field-
sampling program has been implemented to measure pH, EC, temperature and flow at 14 measuring 
locations. These data, combined with the automated monitoring station data will inform the 
construction of a surface water model and water balance to be completed in 2021.   

GROUNDWATER 
Due to the presence of landfills within the EOD, a groundwater Landfill Environmental Monitoring 
Program has been in place at the site since the early 1990s. The monitoring program includes 
ongoing monitoring of nested groundwater bores around the EOD as well as surface water 
monitoring and sampling of ‘soaks’ on the margins of the EOD (Figure 1).  

 
FIG 1- Cross Section of the Eastern Overburden Dump  

Standing water levels in groundwater bores screened in the overburden are generally 5-10 metres 
below ground surface, indicating perched conditions in some areas. Groundwater levels in bores 
screened in the underlying Haunted Hills Formation indicate mounding of the water table occurs 
within and in close proximity of the dump.  
To evaluate contaminants that may be attributable to the activities at the Eastern Overburden Dump, 
a review of potentially leachable contaminants in coal ash was completed on the groundwater quality 
database. Sulfate is used as a potential indicator of impact, as it is easily leachable, stable in solution 
and not retarded during groundwater transport. A source-pathway-receptor analysis of groundwater 
flow on the eastern margin of the EOD is presented in Figure 2. Groundwater in the overburden is 
higher in Total Dissolved Solids than the underlying Haunted Hills Formation. This groundwater then 
discharges to the surface and settles in ponds, or ‘soak’ locations. In high flow conditions, these 
ponds discharge into Bennett’s Creek or the Works Effluent Pond. The soaks often record higher 
sulfate concentrations than in groundwater due to evaporative-concentration effects as the collection 
points can be stagnant at times during measuring rounds.  
A comprehensive drilling campaign across the EOD was completed in December 2020 and will 
improve understanding of groundwater conditions within the overburden and the underlying Haunted 
Hills Formation.  
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FIG 2 - Groundwater bores on the eastern subcatchment (not to scale).  

Sulfate concentrations shown (October, 2018) 

CONCLUSION 
Increased data collection and interpretation have improved understanding of surface water and 
groundwater conditions across and around the EOD. These improvements ensure ENGIE are aware 
of any environment impacts on the creeks and waterways surrounding the EOD. Learnings from the 
Water Management Strategy have informed broader rehabilitation plans across the Site.  
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INTRODUCTION 
Tasmania has a long mining history that, along with the rewards, has also produced significant 
legacy issues relating to operating and abandoned sites releasing Acid and Metalliferous Drainage 
(AMD) into the surrounding environment.  On some sites, which can be over 100 years old, there 
was no management of AMD prior to the 1980s, when environmental protection legislation was 
enacted that required management of environmental impacts.  Despite management efforts, 
continued emissions of AMD from sites around Tasmania is occurring, highlighting the challenges 
involved in controlling AMD once oxidation of sulfides has commenced.   
Mineral Resources Tasmania (MRT) has undertaken a project to compile the currently available 
resources for managing AMD into a format which is more useable for explorers, miners and quarry 
operators.  The Good Practice Guide (GPG) highlights that ‘management’ of AMD should commence 
as early as possible in the Life-of-Mine (LOM), ideally during exploration drilling, and continue 
throughout the mine life.  AMD Management Plans should be working documents which are 
continually reviewed and updated throughout the LOM to include the latest sampling and modelling 
techniques. 
Some currently available resources that dedicated to the management of AMD are focussed on arid 
and semi-arid climates.  The geology, landscape and temperate climate of Tasmania presents a 
suite of different challenges for managing AMD throughout the mining life cycle.  The intent of the 
document is not to replace available resources, but to lead less experienced explorers and mine 
operators towards earlier AMD management in the life of mine (LOM) process. 

DEVELOPMENT OF THE GOOD PRACTICE GUIDE 
The project was funded under the Tasmanian Government Mining Sector Innovation Initiative 
Program (MSIIP), hosted by Mineral Resources Tasmania (MRT).  The project was administered by 
a steering committee, whose members included representatives from MRT, Environment Protection 
Authority (EPA), industry, consultants and university researchers.  The steering committee initially 
met to create a framework for the project, which worked towards identifying the primary ‘themes’ for 
AMD management in Tasmania.  The committee felt that factsheets confined to specific parts of the 
mining cycle was most likely to be used within the industry.  The GPG hosts 8 factsheets which 
incorporate exploration, feasibility, mining and closure.  During the final drafting process, the GPG 
was reviewed by people in the Tasmanian mining industry, with their feedback and wealth of 
experience incorporated in the final version. 

FACTSHEETS 
The factsheet series is designed to offer less experienced practitioner’s information on each stage 
of the mining life cycle, starting during the initial exploration.  The intent is not to provide an 
exploration geologist with a manual to create a statistically valid waste model, but it identifies what 
their drilling program should contain to form the building blocks for the model. 
The factsheets contained in the GPG are: 

• Fact sheet 1: References and glossary of terms 

• Fact sheet 2: Implications of not managing AMD correctly 
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• Fact sheet 3: Identification and characterisation of materials 

• Fact sheet 4: AMD prediction methods 

• Fact sheet 5: Monitoring requirements 

• Fact sheet 6: Prevention of AMD during operations 

• Fact sheet 7: Treatment of AMD 

• Fact sheet 8: Planning for closure 
The GPG presents a road map to establish if AMD is likely to be an issue, with a vital feature of the 
decision tree being a valid waste model.  The decision tree is shown in figure 1. 

 
FIG 1 – Application of Fact Sheets in GPG Decision Tree 

RISK ASSESSMENT 
The contemporary hierarchy of risk reduction recommends elimination of the problem as the best 
way to reduce the risk. For risks associated with AMD, this implies preventing the oxidation of 
sulphides. The early detection of potentially acid forming (PAF) material allows for the effective 
management and mitigation of AMD, preventing an end of mine life AMD issue, which is often too 
large and/or costly to rehabilitate. AMD risk management should be reviewed during the life of the 
operation as sampling information becomes more detailed. GPG provides guidance on test work 
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which fits into the life of mine cycle with the aim of keeping the cost and effort involved in the analysis 
commensurate with each stage of the mine life. 
Risks can include environmental, human health, financial, regulatory and reputational risks. History 
and experience in the mining industry show that AMD can be a large priority for risk management.  
Adequate risk management throughout all mining phases provides a basis for decision making, 
forms priorities for management and provides a process for transparency. 

RESEARCH GAPS AND FUTURE WORKS 
The MSIIP has provided significant funding for innovation into mining rehabilitation and remediation 
over the past four years.  The program has funded (or plans to fund) seven honours projects, three 
PhD projects and internal and collaborative projects with the aim to improve rehabilitation and 
remediation outcomes in Tasmania.  
Two projects which have come directly from development of the GPG are; a map layer, hosted in 
the Tasmanian Government map server (LIST) for geology in Tasmania predisposed to AMD and 
an education series for AMD.  The map layer will assist both the regulator and proponent to make 
decisions about how much test work is likely to be required in the early exploration phase of mine 
development.  It is hoped that it will assist Councils regulating smaller quarries to refer them to the 
EPA (although this is not needed under the legislation) for assessment and management, leading to 
better outcomes during operation and after closure. 
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INTRODUCTION 
Critical to successful restoration and closure of mining sites are the design and construction of cost-
effective cover systems. Traditional cover system designs typically have involved comprehensive 
specifications for placement of highly specialised barrier and drainage systems with 450-600 mm of 
cover soils, which are then capped with 100-200 mm of a vegetative soil layer capable of supporting 
the growth of vegetation. Beyond achieving regulatory compliance, a sustainable stand of vegetation 
will provide enduring erosion control, capture precipitation to reduce and improve stormwater runoff 
quality and improve visual aesthetics. While also contributing to increased land value, sustainable 
vegetation vitally releases oxygen into the atmosphere while fostering carbon sequestration in the 
developing soil profile as nutrient cycling progresses.  

•  
• THE IMPORTANCE OF SOIL HEATH 
• Fertile and productive soils are essential to the development of sustainable vegetative covers. 

Soil health is defined as the continued capacity of soil to function as a vibrant ecosystem that 
sustains plants, animals, microorganisms and ultimately, humans through nutrient cycling, 
filtering and buffering functions (Schindelbeck, 2017). As soil health improves via natural 
pedogenic processes, successful restoration and rehabilitation is achievable – even on some 
of the most difficult sites.  

•  
• Prior to mining it is a common practice to strip suitable onsite topsoil and overburden, 

stockpiling them to cover waste material during subsequent restoration and closure phases. 
One vexing issue facing mining operations is a lack of suitable cover material as they rarely 
have enough salvageable topsoil and overburden over decades of operation. Even if topsoil is 
harvested and stored, after a few weeks only the top several centimetres of the stockpile (that 
portion of which is exposed to sunlight, air and water) actually remains biologically active. 
Lower levels of the stockpile, although still containing organic matter, become biologically inert 
and would be better termed “top dirt”.   

 
In addition, topsoil functionality is often compromised during stripping and handling as its structure 
and composition are forever changed, never to be as viable as when preserved in the natural 
environment. Research has shown that the ability of topsoil to foster and promote sustainable 
vegetation is linked directly to its composition, especially the presence of naturally occurring soil 
microorganisms. This biological community in soil consists of countless species of bacteria, fungi, 
and other microbes that promote plant nutrient cycling and improve soil structure.     
 
Healthy soils have the capacity to indefinitely support long-term vegetative cover on closure sites, 
with minimal needs for supplemental inputs and maintenance. To help achieve sustainability, soil 
specifications should include detailed requirements for properties such as texture, pH, macro-and 
micro-nutrient levels, organic matter content, soil respiration and soluble salts, with additional 
provisions for testing prior to excavation and then during placement to ensure specification 
compliance and quality assurance.  
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IMPLEMENTING COMPLEX CLOSURE PLANS 
Successful restoration of mining sites requires a holistic and inclusive approach to assess, address, 
manage and integrate treatments or techniques to overcome the considerable challenges present in 
post-depositional environments with poor substrates, large unprotected areas with high erosion 
potential, difficult access, adverse weather conditions and more. Those overseeing rehabilitation 
efforts must integrate and stage several considerations into a working relationship connecting proper 
planning and execution. Designers must then balance these challenges with other operational 
concerns such as budgetary constraints, material costs, sequencing of earthmoving activities, labour 
availability and required timing of completion for closure related activities. One time-proven 
methodology to ensure soil health and integrate successful control of erosion is to employ the “Five 
Fundamentals of Sustainable Erosion Control” (Theisen, 2015). 
 
ENGINEERED SOIL AMENDMENTS 
In absence of adequate “topsoil” sources, new techniques have been developed to treat and revive 
depleted soils to render them more capable of accelerating and sustaining vegetative growth. 
Emerging technologies such as engineered soil media and prescriptive agronomic formulations can 
transform denuded soils into substrates suitable for vegetative establishment while offering 
significant cost savings. Essentially, pre-packaged fibres derived from recycled and/or renewable 
sources can be supplemented with a primordial complement of agronomic ameliorants to improve 
physical and biological properties while increasing organic matter and fertility to effectively “engineer” 
marginal soils into productive and sustainable growth media. ASTM International has recently 
designated these “Engineered Soil Amendments” as functional equivalents to topsoil in its ASTM 
D5268-19 Standard Specification for “Topsoil Used for Landscaping and Construction Purposes”. 
Moreover, exhaustive efficacy, ecotoxicological and analytical testing has confirmed these 
Engineered Soil Amendments are biodegradable and safe for the environment.  
 
ENGINEERED SOIL COVER SYSTEMS 
When Engineered Soil Amendments are combined with prescriptive seed mixes and highly effective 
erosion control materials, more cost effective and environmentally friendly revegetation of mining 
cover systems can be accomplished. This holistic approach, termed Engineered Soil Cover Systems 
(ESCS), is a proven alternative to traditional cover systems as illustrated in Figure 1. 
 

 
 

FIG 1 - Side by side comparison of traditional cover versus ESCS alternative. 

On sites lacking topsoil, costs for procurement, transportation and placement of suitable soils or 
compost can be exorbitant. Moreover, ease and speed of installation combined with safety measures 
for increased trucking and equipment must also be factored into any cost analysis. Fortunately, 
engineered soil amendments can help make marginal soils more suitable for vegetative 
establishment with significant cost savings to mining companies and other stakeholders. 
 
CONCLUSION 
This publication will provide an overview of Engineered Soil Cover Systems with guidance for soil 
testing requirements to effectively employ prescriptive agronomic formulations. These soil 
ameliorants and locally adapted seed mixes are then accompanied by complementary erosion 
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control techniques selected to accommodate the specific conditions of the mine site as captured in 
the Revised Universal Soil Loss Equation (Renard, 1991). Case histories documenting successful 
and cost-effective mine cover systems in Australia and North America will be presented that also 
describe and detail performance monitoring techniques to demonstrate sustained improvements in 
soil health.  
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KEYNOTE TITLE: FORCES SHAPING THE FUTURE OF THE MINING INDUSTRY  
The first quarter coincides with the Big-4 publishing their analyses of risks or issues facing the mining 
industry. Most of the issues they cover are relevant to the responsible production of metals and 
minerals, but how can mining companies think through the implications for their business? One 
approach is to look at them not in isolation, but to consider how them manifest themselves through 
10 forces shaping the future of the mining industry. Whereas risks vary from year to year, the forces 
endure over a longer timeframe.   
They include proximate and remote forces. The distinction is partly based on physical separation – 
most remote forces play out distantly from where mining takes place, whereas proximate forces play 
out closer to the point of mining. However, the distinction has more to do with agency and influence. 
Unpacking the forces influencing the future of the mining industry can help us to make sense of 
complexity, better situate how risks manifest themselves, and improve our understanding of how to 
navigate them.  
 
22 February 2021  
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THE MEANING OF LIFE  
The Monty Python comedy crew could be considered revolutionary thinkers. It could also be said 
that Monty Python followed in the footsteps of other great thinkers throughout history who reshaped 
the ideology of their respective times. Most faced some form of antagonism from established modes 
of thinking, but in the long run their visions have become acknowledged and valued in society. So 
what of this in the context of the resources industry?  
Mining has been an integral part of human civilisation since pre-history. Swaziland’s Ngwenya mine 
is the oldest known mine in the world at over 43,000 years old. It remains controversial today.  For 
thousands of years, people in power sacrificed the welfare of subservient populations and the 
environment for the pursuit of a desired stone or mineral. Today, responsible resources industry 
participants have moved on from this concept when it comes to sustainability, but only relatively 
recently.  
In the 1990’s, John Elkington strove to quantify ‘sustainability’ by encompassing a concept to 
measure performance in corporate America. His accounting framework, known as ‘the triple bottom 
line’, went beyond the traditional measures of profits, return on investment, and shareholder value 
to include environmental and social dimensions.   
In our new world of mining sustainability, Elkington’s ‘Triple P’ framework is still often considered as 
the period between when the first sod of earth is turned and the last miners leave. In fact, the life of 
a mine extends well beyond this. As a minimum, it should be considered from before the first 
explorationists set foot on the ground to well past the time of handover back to the community from 
whence it came.   
This presentation considers life of mine in the context of a mine’s true life and our responsibility as 
a resources industry to understand and appreciate it fully. 
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INTRODUCTION 
Iron ore mines in the Pilbara region operate in an environment with ephemeral creeks that are subject 
to flash flooding events during the wet season (November to May annually).  Mining operations 
control flood waters using creek diversions, constructed to protect operations from flooding, allowing 
ore production to continue uninterrupted and meet production targets.  Additionally, the objective of 
diversions is to, where possible, develop designs that function in a similar way to existing creek 
systems and maintain ecological and geomorphological processes, so the diversion can remain at 
Closure.  
As part of Closure and Operations management there is often a need to backfill open pits with waste 
material. In some cases, due to operational and topographic constraints, temporary creek diversions 
are constructed and then later realigned over the backfilled pit to allow mining of the adjacent area 
or prepare for Closure.  The concept of reinstating a creek over a backfilled pit may not be the 
preferred method of creek reinstatement for a number of reasons, including: unknown settlement 
and behaviour of backfill material; infiltration losses potentially reducing the quantity of flow to 
downstream receiving environments; potential for erosion and mobilisation of suspended sediment 
to downstream receiving environments; lack of replication of geomorphic/habitat features in the pre-
existing channel; and potential long-term stability issues.  The concept of diverting creeks over 
backfilled pits can be more complex when compared with traditional diversions cut into competent 
ground and the environmental approvals from regulatory bodies may therefore be more difficult to 
obtain for Closure. 
Roy Hill Mining has trialled reinstatement of a small ephemeral creek over a backfilled pit and 
collected monitoring data over a three-year period to assess the feasibility of applying this diversion 
concept to other future Operational and Closure scenarios. The results are presented in this paper 
so the success and learnings from this study can be shared with industry.  If conditions are suited to 
its application, there is potential for reinstatement of creeks over backfilled pits to be an effective 
option for Surface Water Management. 

PUBLISHED GUIDELINES 
There are limited (or non-existent) Western Australian-specific guidelines for the assessment and 
design of creek diversions that cater for the unique hydrological and geomorphological conditions of 
the Pilbara region (Markham et al., 2017, Atkinson et al., 2017) or the scenario where a creek is 
diverted through a backfilled pit. The methodology adopted when assessing the existing diverted 
creek and recommending design improvements for closure, were consistent with the objectives and 
philosophies outlined in the ACARP (Alluvium, 2014) and Department of Natural Resources, Mines 
and Energy (DNRME, 2019) guidelines. In the absence of site-specific research and publications, 
the design approach generally adopted in Western Australia is focused on developing designs that 
exhibit similar hydraulic, ecological and geomorphological behaviour to the existing system rather 
than adopting specific values for design parameters recommended by ACARP for Queensland 
catchments. 
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ROY HILL ZULU 101 CREEK REINSTATEMENT STUDY 
Zulu 101 (Z101) mine pit was the first backfilled pit with mine waste at Roy Hill. Mining of the ore 
from the pit was completed in year 2016.  The creek was reinstated to existing ground levels over 
the backfilled pit.  An alternative location for the creek diversion was not possible due to surrounding 
topography. The Z101 creek diversion across the backfilled pit is relatively small, with a length of 
300m and catchment area of 0.54km2.  The reinstated creek provided an opportunity to collect data 
needed to assess the geomorphology, hydrology, hydraulics and settlement, confirm the 
performance of the diversion and determine if this concept could be successfully implemented at 
other locations and at larger scale in future. 
The Z101 creek was reinstated over the pit backfilled with detrital mine waste, adopting a similar 
length and grade to the original. The diversion comprised a straight channel, wide uniform bed with 
steep embankments. In 2019, a study was completed to characterise the geomorphology, 
hydrological and hydraulic behaviour of the diversion. This would determine if additional 
modifications were required for Closure.  
LiDAR survey data collected over a three-year period suggested settlement rates were initially rapid 
in the first 12 months followed by minor settlement thereafter. However, settlement rates varied along 
the diversion, with those reaches underlain by detritals performing better than other reaches, which 
were generally underlain by kaolinitic clays.  
Hydrological and hydraulic modelling of the diversion design showed that the catchment flows were 
“flashy” and of short duration, with minor infiltration losses to the detrital backfill.  Geomorphological 
site inspections suggested surface water flows were evident along the full length of the diversion, 
consistent with pre-development conditions. However hydraulic modelling results suggested the 
wider cross-sectional diversion geometry attenuated flows, resulting in a reduction in peak flows and 
velocities and increased aggradation, when compared with pre-development conditions.  This 
aggradation was noted during the geomorphology investigation, with deposition of sands and gravels 
through the upper reaches of the diversion. This deposition was producing micro-bars and a number 
of micro-channels, with vegetation encroachment also resulting in the development of a low flow 
channel. Given this development and the results of the hydraulic modelling, it was recommended to 
design a narrower low flow channel to stop flows spreading (and slowing) across the whole channel 
at Closure. The proposed channel design improvements were tested in the hydraulic model and the 
results used to demonstrate the Closure design produces similar behaviour to pre-development 
conditions, while effectively maintaining flows downstream.  
The diversion is relatively straight and wide without a meandering primary low flow channel. Larger 
sized rocks are present on the surface of the diversion bed, which was unplanned but present on 
completion of the backfilling process.  The presence of large rocks has resulted in localised areas of 
velocity reduction, allowing for deposition of sediment and seeds immediately downstream. There 
was no placement of topsoil or seeding within the area and the vegetation was more frequent in the 
upper reaches compared to the lower reaches. The results suggest that sediment deposition and 
riparian vegetation establishment is expected to continue to propagate through the diversion to the 
outlet over time.  
The Closure design has incorporated study findings and has been submitted for regulatory approval.  
The Closure works are considered relatively minor with low capital cost to mining. 

THE ROLE OF TECHNOLOGY  
Advancements in accuracy and ease of LiDAR data capture as well as technological advancements 
of two-dimensional (2D) hydraulic modelling packages present significant opportunity to improve the 
way we design and assess diversion performance (Atkinson et al., 2018). Both the LiDAR data and 
2D hydraulic modelling approach were used to more accurately quantify watercourse characteristics 
or “stream signatures” which were used to inform the diversion design and confirm it functions in a 
similar way to the original creek channel.  
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FIG 1 – Zulu 101 pit location and layout 

CONCLUSIONS 
Results of this study suggest that under the right conditions, diversions over backfilled pits can 
provide the opportunity to reinstate creeks and replicate similar hydraulic, geomorphological and 
ecological function. Roy Hill invites industry to consider the benefits of creek reinstatement over 
backfilled pits and further share information to improve our understanding of diversions and support 
mine closure planning in future. 
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INTRODUCTION 
Mine rehabilitation and closure planning in Australia predominantly aims to re-instate native 
biodiversity that was either pre-existing or is similar to present day ecosystems surrounding the mine 
site. This may encompass a variety of post-mining land uses, such as pastoral or forestry as well as 
provision of native fauna habitat, but all generally aim for a sustainable environment that ideally does 
not require ongoing active management. 
Understanding the effect of rehabilitation practices, from earthworks to seeding to remedial 
management, requires monitoring to provide scientifically robust data to drive decision making on 
future rehabilitation, as well as the assessment of site performance. While ecological monitoring 
benefits from the repeated use of consistent methods to interpret long-term trends, it is not immune 
to digital disruption. Advances in remote sensing continue to change the way we observe and 
analyse landscapes. So, what will leading-practice mine rehabilitation monitoring involve in 2021 and 
beyond?  
While remote sensing is no longer new, it has yet to be fully integrated into monitoring programs or 
the regulatory compliance framework around mine site rehabilitation, closure and relinquishment. No 
doubt there’s widespread acceptance of its efficacy, but it’s not always easy to adopt. Should remote 
sensing be a standardised approach alongside traditional, on-ground ecological monitoring? There’s 
no binary response; it depends on the project - the mine’s life stage, vegetation types, predicted 
outcomes, what’s being monitored, if monitoring is already underway and for how long, budget, and 
traditional ecological monitoring methods that will be or have already been used.  

REMOTE SENSING: WHY PROMOTE IT? 
Remote sensing is simply the science of obtaining information on an area of the earth without 
physically being there, typically using data acquired from satellites, aircraft or unmanned aerial 
vehicles (UAVs). 
Remote sensing can: 

• Dramatically improve the spatial scale of rehabilitation monitoring by providing access to a 
range of image capture options and continually improving imagery resolution; 

• Improve the accuracy and reproducibility of monitoring data;  

• Minimise health and safety risks related to on-ground monitoring of remote or difficult to 
access areas; 

• Reduce costs by decreasing the field survey effort required; and 

• Complement traditional rehabilitation monitoring methods. 
For example, the use of remote sensing to assess erosion and stability over time on rehabilitated 
landforms is highly beneficial when compared to traditional transect assessments, as the whole 
landform can be assessed with accurate metrics derived for gully erosion (length, width, depth and 
volume) or landform subsidence (Fig 1). 
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FIG 1 – Example of an erosion gully assessment of a waste rock landform using remote sensing 

ROADBLOCK: SPECIES DIVERSITY 
As with any technology, benefits come with risks or potential roadblocks. The good news is there is 
little risk to replacing on-ground erosion assessments with remote sensing provided the appropriate 
data is collected and the approach adjusts to the extent of vegetation present. 
For vegetation assessments, remote sensing currently cannot assess species diversity as 
comprehensively as on-ground methods. Even so, there are many examples of key native or 
introduced taxa being detected remotely. For example, in collaboration with Chevron Australia a 
robust monitoring protocol has been developed, using remote sensing, for key species of Triodia 
(spinifex) in semi-arid northern Australian grasslands (Fig 2).  
Future development in species delineation within multi-spectral imagery is likely to be rapid but will 
require ground-truthing, with potentially repeated ground-truthing under different seasonal and 
climactic conditions. It isn’t clear whether this approach will work for complete vegetation community 
diversity, structure, and fauna habitat suitability assessments because the detection of some specific 
species—for example introduced grasses such as Buffel grass—has proved challenging to date, and 
there are limitations on the visibility of juveniles or small under-storey species in aerial or satellite 
imagery.   
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FIG 2 – Detection of Triodia species using aerial imagery and a remote sensing approach using 

object-based image analysis (OBIA) 

REGULATORY FRAMEWORKS 
In time, government regulators of mine site rehabilitation, closure and relinquishment (in Western 
Australia) may expect whole-of-landform erosion assessments, rather than transect-based 
assessments, in order to demonstrate stability. However, the cost of using this approach may be 
prohibitive for some companies. 
Regulatory requirements for sites that involve restoring functional ecosystems often focus on the 
return of reproductive capacity and biodiversity values. But if the focus of completion criteria used in 
closure planning shifts in favour of increased spatial scale of monitoring rather than detailed 
community composition data, do we risk losing information on the functional capacity and resilience 
of rehabilitated ecosystems?  
Detailed soil assessments that can aid in predicting future rehabilitation outcomes and sustainability 
of vegetated ecosystems are also at risk of being lost in a shift to monitoring by remote sensing. 
While a potential risk control measure is to combine remote sensing with detailed on-ground 
monitoring, escalating costs can be an issue.  

DEVELOPING TAILORED, BEST-PRACTICE MONITORING PROGRAMS 
There are options for developing cost-effective monitoring programs that utilise a combination of on-
ground and remote methods. Many professionals within the mining industry are developing 
approaches tailored to specific sites and regulatory expectations.  
Approaches may involve:  

• Modification of existing aerial imagery capture programs to include multi-spectral data or to 
extend the area captured to include rehabilitated and surrounding areas in a cost-effective 
manner; 

• Alternating remote sensing with on-ground assessments, or when both are required 
concurrently, the fieldwork duration may be substantially reduced; 
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• Using satellite imagery collected in previous years to ‘go back in time’ and use change 
detection analysis to demonstrate trends; 

• Using whole-site remote sensing in the early stages of rehabilitation, which can aid detection 
of problem areas early on and ultimately save closure costs at the end of mine life. 

Awareness of shared case studies and evolving technologies will allow monitoring to facilitate the 
best environmental outcomes and minimise risks associated with mine closure into the future.  
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INTRODUCTION 
The mining industry’s approach to risk management has recently undergone a profound shift as 
stakeholders demand resource stewardship and social benefits.  Conventional risk management is 
challenged by complex and interconnected risks which are commonly associated with mine closure.    
This paper describes three aspects of risk management that have historically influenced closure 
outcomes (project model of production, focus on priorities and replication of previous approaches) 
and then suggests changes that are likely to improve future risk management. 

The project model of production  
The mining industry consists of a series projects that support the production of minerals for a finite 
period whilst production is profitable.  Global competition determine prices for products and societal 
expectations demand reliable delivery of projects whilst fulfilling social responsibility. Strict project 
management protocols allow mining companies to identify and implement systems to remain viable 
in this context.  
Project life cycles follow a sequence –  

• Initiation to identify desired outcomes and investment options;  

• Identification studies to find alternatives to meet the outcome;  

• Selection and refining the preferred option; and  

• Execution to deliver it. 
This process assumes that project studies provide enough information to fully inform decisions to 
optimise operations for the entire mine life.  Unfortunately, sufficient data relating to cost, schedule 
and outcomes of mine closure may not exist early in the project cycle. 
At each decision point throughout the project cycle, an alternative of minimal or no spend must be 
considered.  In Project Management terminology, this is the ‘Optimise Without’ (OW) alternative. 
Unless there are strong business drivers for closure expenditure, the OW is often an attractive, short 
term option, as it allows available funds to be redirected to short-term priorities.  If expensive activities 
like preferential waste rock handling are deferred, the opportunity to avoid closure risk may be 
missed.    

Focus on priorities 
Global resource demand cycles influence closure during the production period of mine life.  When 
demand for resources is strong, typically closure activities are deprioritised to focus on meeting 
production requirements.  When demand is weak, closure can be deprioritised as budgets are 
reduced.  Both responses enable production to continue and appear logical when closure risk is not 
clearly identified in conventional risk analysis.  
Conventional risk management systems assist decision makers to prioritise actions based on risk 
and, more recently, opportunity. They linear quantify risk to rank its importance and assign 
management controls.  
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The risk bow tie, established in Australia in the late 1970s, captures risk in terms of cause(s), events 
and impact(s)[Add Reference].  The bow tie describes the causal relationship in a linear scenario to 
establish what impact (either positive or negative) could occur.  Risk matrixes are used to rank the 
potential impact in terms of how likely it is to occur (likelihood) and the severity of the impact 
(consequence). Risk with higher ranking are generally assigned more effort and robust controls. 
These processes have been successful because they are easily understood, repeatable and can be 
applied to inward facing risks (i.e risks which can be controlled by the company). Most companies 
compile Risk Registers which describe all known risks but management focusses on a small 
proportion that has a higher rank.  
New risk approaches require the consideration of ‘outward facing risks’, those risks that come from 
influences external to the business.  In 2020 Australia has seen outward facing risks like bushfires, 
floods and a global pandemic.  The agility we have learned to reprioritise and respond to changes in 
the risk landscape provide many lessons learned. Such agility should also apply to closure. 

Managing complicated challenges through standardisation and replication  
There are many activities in mining that are repeated at almost every mine. Generally, mining 
involves locating an ore body or resource, physically exposing it, removing it and transporting it to 
customers.  The methods and equipment to do these tasks have scaled up over time and efficiencies 
have been achieved by standardising tasks and improving them.  Risk management has also been 
approached in this way. Although risk analysis is often completed for every task, much of this 
information is not used because decisions are frequently based to standardised priorities. 
Standardised approaches to risk provide consistent responses, tools and monitoring processes that 
can be applied to complicated systems.  A ‘complicated system’ comprises many elements that are 
all vital for the system to function.  Although mining is generally regarded as a complicated system, 
this assumption is challenged by mine closure which is influenced by elements that cannot be 
measured or replicated and are beyond the control of the company. 
Mine closure is more consistent with the recently developed concept of ‘complex’ systems2.  
Complex systems are characterised by their unpredictability, interdependent risks and propensity to 
adapt to change (e.g. traffic movement).  Climate change, emerging technology and pandemics are 
good examples of risks that are external to the business but that may have an indirect effect on the 
when and how closure activities are progressed. 
Mining companies like BHP are responding to complex risk and augmenting the existing risk 
management approach with a systemic way of identifying key changes in the external environment 
and understanding their implications for closure. The consideration of emerging and outward facing 
risks that cannot yet be measured as well as the potential cumulative opportunities throughout mine 
life are now business as usual. 

A bright future for closure 
Future risk management will incorporate ‘Big Data’ analysis  into existing models.  This will ultimately 
provide rigorous and defendable information to justify the integration of closure activities throughout 
mine life.  During project initiation and feasibility studies, the application of ‘big data modelling’ will 
identify the connections between risks and how a series of decisions can affect the ultimate closure 
outcome.   
Conventional risk approaches that focus on predictable outcomes and perceived priorities will be 
challenged by data.  Decisions whether to postpone closure activities to minimise short term 
spending will be made in the context of complex systems with outward facing risks like advancing 
technology or climate change and guided by the risk appetite set by Boards and shaped by 
shareholder and community expectations. 
For mining companies to remain economically buoyant whilst minimising environmental harm and 
contributing to society in the long term they will have to embrace opportunities and manage risk.  
Risk management tools are available for the mining industry to achieve short-term production targets 

 
2 https://www.weforum.org/reports/annual-report-2019-2020 
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and to optimise mine closure in a complex environment by increasing the visibility of closure 
throughout the mine life. As a result, project planners can better understand the opportunities 
integrated closure provide from project initiation. 
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INTRODUCTION  
Between 2016 and 2021 the Queensland Government has delivered its biggest suite of resource 
sector reforms in 20 years. These reforms aimed to improve the State’s rehabilitation outcomes, 
further cementing the Queensland resources sector leadership in rehabilitation. Changes were also 
made to how and who assesses the financial risk of companies and projects. Reflecting the cross-
cutting issues and the stakes involved, a whole-of-government team was established to develop and 
change legislation, update policies, engage stakeholders, improve implementation and ensure the 
right areas of government were managing the right risks.  

REDUCING RISKS AND DEALING WITH UNCERTAINTY 
Risks are by their nature uncertain. In many cases an identified risk does not eventuate or does so 
in a different way than first assumed. Humans aren’t always great at determining what the real risks 
of a situation are, as our perception of risk is influenced by a set of psychological factors as well as 
our own individual life experiences (Ropiek, 2010). 
On top of grappling with individual opinions of the ‘riskiness’ of any singular risk, managing risks in 
government occurs within a certain context. Government must consider the management of any one 
risk in the context of its other duties – for example, it’s responsibility for the community’s well-being, 
the state’s finances, supporting a wide range of profitable industries and ensuring environmental 
protection. A government’s risk appetite in regard to regulating an industry will therefore necessarily 
be different to any individual company operating within that same industry. 
The Queensland Government resource sector reforms are one example of risk management in this 
context. As is typical in a risk situation, in order to reduce risks, they needed to be better managed. 
To manage risks better, the government needed to better understand the risks.  
To determine the sources of risk relating to resource site rehabilitation a number of in-depth research 
projects and reviews were undertaken by agencies. The risks were varied, and the research led to 
looking at topics including accounting standards, conditioning of permits, expectation setting, 
historical policy decisions, and industry practices. It was determined that in order to improve the 
management of many of these issues, there was a need to increase certainty. However, this is easier 
said than done in relation to resource industries.  
Resource operations operate over decades. In the time between the proposal of a project and its 
closure and rehabilitation, it is likely there will be changes to what is considered ‘best practice’, the 
technology available, and community expectations. Some stakeholders expect that rehabilitation 
requirements and outcomes should evolve to reflect the best information and practices of the time. 
Others see amending requirements as “changing the goal posts”, leading to uncertainty, and an 
unwillingness to invest or to commit to particular outcomes.  
These are both fair points. When considering new frameworks therefore, the design must allow for 
change and progress, whilst increasing certainty to the benefit of both government and industry. The 
package of financial assurance framework reforms did that - the new processes increased certainty 
for government in understanding the risks, and industry in understanding the requirements.  
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IMPROVING REHABILITATION OUTCOMES 
One of the key reviews undertaken by Queensland Treasury Corporation, Review of Queensland’s 
Financial Assurance Framework (Queensland Treasury Corporation 2017) (QTC Review), reflected 
the need for increased certainty to improve rehabilitation outcomes: 
“The articulation of clear whole-of-Government expectations for rehabilitation … are required to 
underpin a framework to improve the level of rehabilitation. This framework would enable early and 
ongoing planning and delivery of rehabilitation, provide greater certainty of progressive rehabilitation 
and certification requirements ....and support the development of a rehabilitation service industry.” 
The government responded to this recommendation by developing, consulting on and releasing a 
‘Mined Land Rehabilitation Policy’ in September 2017 (State of Queensland 2017). The policy 
clarified the government’s expectations for mining companies: that they will plan for and undertake 
progressive rehabilitation over the life of the mine and minimise the cumulative disturbance of land. 
This policy is implemented primarily through the Progressive Rehabilitation and Closure Plan 
(PRCP) requirements for site-specific mining activities. The requirements, effective from late 2019, 
provide industry and government with greater certainty on when and what rehabilitation is required, 
supporting industry investment in rehabilitation.  
The PRCPs will include: a clear plan to achieve final rehabilitation outcomes, enforceable milestones 
supporting progressive rehabilitation and clear completion and signoff requirements. The PRCPs will 
also enable regular monitoring, assessment and reporting. Maximising certainty over the 
rehabilitation required will help companies to plan their operations, and surrounding communities 
have greater clarity on the final land use outcomes of the site.  
A string of events in 2015-2016 - including ‘$1 mine sales’, ‘share sales’, and multiple operators 
facing financial difficulty - demonstrated that the State also needed to better understand the financial 
risks of unrehabilitated resource sites. In response to this, and in parallel with the design of the 
rehabilitation reforms, the government designed a new Financial Provisioning Scheme (FPS). The 
FPS has improved the State’s management of financial risk in the event companies fail to comply 
with their rehabilitation obligations. The FPS process includes comprehensive risk assessments of 
resource companies and sites, increasing the understanding of specific sites as well as the State’s 
portfolio of risk. The FPS also allows for risk-based financial provisioning - the lower a risk a company 
and site is, the less money or assurance needs to be taken. A Scheme Manager oversees the 
process and manages the money taken, supporting better risk management and financial outcomes. 
Even with the completion of rehabilitation to meet the PRC plans (for site-specific mine sites) or EA 
conditions (for all other resource sites) there will be some circumstances where ongoing monitoring 
and management of rehabilitation is needed and/or where there is the potential for rehabilitation to 
fail. Where these risks exist, a payment for residual risks can be taken at surrender of the EA.  
While residual risk has been part of the EP Act since 2005, the QTC review identified that a lack of 
clarity on the application of the residual risk requirements was considered by some to be a barrier to 
transitioning sites to closure, and investment in rehabilitation. 
In response, the Department of Environment and Science designed and progressed legislative 
amendments to enhance and clarify the existing residual risk framework. The team engaged risk 
assessment experts and worked with industry to develop a world-first ‘residual risk calculation tool’ 
that will enable the identification and assessment of residual risks on a large range of resource sites. 
The ability to simply and consistently assess a site’s residual risks will enable better planning and 
provisioning as well as providing certainty about when a payment will be required. 
Through these reforms, the Queensland Government has increased certainty for both government 
and industry, minimising risks to the State and the community and supporting a continued social 
licence to operate for the resources industry. 
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INTRODUCTION 
Mined-land rehabilitation is a complex process involving decisions based on multiple interacting 
management interventions, site characteristics and climatic conditions.  A standardised approach to 
rehabilitation design may produce poor rehabilitation performance outcomes where individual factors 
are ignored, or the interaction between factors influencing performance is not taken into account. 
Bayesian modelling allows exploration of the conditional probability of an outcome given the prior 
probability or state of other interacting factors.  Unlike many other modelling approaches, Bayesian 
modelling uses probabilistic, rather than deterministic expressions to characterise the strength of 
relationships between variables.  Bayesian network models can integrate a range of data types 
(including expert opinion) where data are limiting, however, their utility is greatly improved where 
informed by robust data, generally requiring thousands of observations. 
Recent advances in digital environmental sensing using proximal and remote sensing platforms have 
significantly expanded the capacity to collect high-resolution site data.  This sensing technology 
enables full quantitative enumeration of site characteristics affecting the stability or erodibility of 
rehabilitated sites and enables improved parameterisation of Bayesian models. 
These digital environmental sensing technologies include electromagnetic surveying for mapping 
spatial variation in soil type (in turn, enabling correlation with point soil sample data to spatialise soil 
chemistry); high precision global positioning systems (RTK-GPS) and drone photogrammetry for 
constructing high resolution digital terrain models; multispectral surveying for quantification of 
variation in vegetation cover and health; and LiDAR for quantification of erosion and/or accretion.  
These data, combined with GIS analysis to calculate parameters such as contributing catchment, 
slope, slope length and slope shape, can provide rich data sets representing millions of data points 
per site. 
The use of environmental sensing to improve parameterisation of a Bayesian model describing 
erosion performance, and approaches to application of Bayesian modelling, scenario analysis and 
machine learning to inform mine rehabilitation design in complex environments will be discussed. 
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OBJECTIVE 
The study objective was to extend and refine prior work undertaken to develop a Bayesian network-
based mine rehabilitation decision support tool (Dale et al., 2018) through detailed spatial 
assessment and analysis of digital survey data from operational mine rehabilitation outcomes.   
The project aims to evaluate the utility of digital spatial assessment and facilitate transfer of research 
outputs into practice through user-driven training and feedback on the decision support tool utility to 
support improved quality and cost of rehabilitation outcomes, and confidence in meeting regulatory 
commitments. 

METHOD 
Detailed site assessments were undertaken across seven mines in Queensland and NSW 
throughout 2019 and early 2020.  The assessments captured a range of rehabilitated site conditions, 
approaches, and performance outcomes to facilitate improved parameterisation of an existing 
Bayesian Decision Support Model and associated Best Management Practices.   
Site assessments involved application of digital remote and proximal sensing approaches 
(electromagnetic surveying, multispectral surveying and digital terrain mapping) to characterise fine-
scale spatial variation in spoil properties, vegetation occurrence, and terrain.  Pixel size was 
generally 7x7cm. All data was collected using RTK-GPS to ensure high spatial accuracy to minimise 
error when overlaying spatial layers. 
Up to 24 soil samples were collected at each site to represent the range in soil variation (based on 
electromagnetic survey results) and analysed for a full suite of physico-chemical and plant nutrient 
parameters for the for the topsoil (generally 0-150mm depth) and upper part of the underlying spoil 
(150-500mm depth). 

 
FIG 1:  Example representation of spatial data aggregation into virtual sub-plots 

The electromagnetic and multispectral survey layers were used to develop correlations with point-
based soil data.  Significant correlations were used to create maps showing spatial variation of 
specific soil/spoil properties.  Digital spatial data was also analysed to derive secondary data layers 
for each site including slope, slope length, contributing catchment and vegetation cover.  Erosion 
was assessed by mapping the occurrence of gullying from high-resolution UAV photogrammetry.   
Spatial layers were digitally aggregated (FIG1) and a virtual octagonal grid (3.46m2 cell size) was 
laid over the direct and derived spatial data to obtain a value for each cell in each data layer by 
averaging the value of all pixels in each cell (generally 706 pixels per 3.46m2 cell).  This provided up 
to around 12,000 locally averaged data points per spatial layer per site. 
Regression analysis was used to identify site characteristics explaining variation in erosion 
performance across each site.  Treatment trials at some sites allowed statistical comparison of 
erosion intensity with rehabilitation treatments.  The data were also used to iteratively update and 
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validate conditional probability tables informing the Bayesian Decision Support tool to improve 
estimation of the likelihood of erosion for any given set of site conditions and management practices.  

RESULTS AND DISCUSSION 
Significant variation in site characteristics affecting erosion have been illuminated by digital 
surveying.  FIG 2 (left) illustrates the spatial variation in soil electromagnetic conductivity and erosion, 
showing concentration of gully erosion (white lines) in areas of relatively lower soil conductivity 
(green shaded areas), indicating poor soil cohesion may have been a contributing factor to erosion 
on this site. 

 
FIG 2 – Erosion (white lines) correlated with variation in soil electromagnetic conductivity (left) and 

variation in erosion across a site with contour banks and rock lined drains (right) 

Correlations between soil and spoil parameters determined from point samples were variously 
obtained with normalised differential vegetation index (NDVI) calculated from multispectral survey 
data, and electromagnetic survey signal response.  Correlations of NDVI with topsoil exchangeable 
sodium percentage (ESP) and EM signal response with topsoil cation exchange capacity (CEC) are 
illustrated in FIG 3. 

  

FIG 3 – Correlation of ESP in topsoil with NDVI (left) and CEC with EM signal response (right) 

Digital survey data and significant correlations were used to spatially represent variation in site 
characteristics potentially explaining erosion.  This included a distinct negative correlation between 
vegetation cover and soil ESP (FIG 4). 
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FIG 4 - Variation in vegetation cover % (red = lower cover, green = higher cover) (left) and soil 

exchangeable sodium percentage (red = higher ESP, green= lower ESP) (right) 

Analysis of differences between treatments demonstrated that gypsum treatment can significantly 
reduce soil exchangeable sodium percentage (FIG 5 left), and that erosion is significantly higher on 
rehabilitation treatments with higher soil exchangeable sodium percentage (FIG 5 right). 

 
FIG 5 – Change in Average erosion by experimental treatment (right) 

Differences between treatments were visually evident, with substantially less vegetation cover and 
greater erosion on rock mulch treatments compared to ameliorated soil treatments (FIG 6). 

  
FIG 6 – Variation in treatment performance at 11 (left) and 18 months (right) after rehabilitation 

Data obtained from detailed site assessments has been used to iteratively improve conditional 
probability tables (CPTs) informing the Bayesian decision support tool developed in prior work 
through a cycle of: 

• Obtaining new site data; 

• Using data to update model CPTs; 
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• Validating model (correlation of model output with observed data); 

• Undertaking sensitivity analysis (identify inputs to which the model is most sensitive); 

• Updating model (review class boundaries for categorical data to improve outputs and 
sensitivity). 

This cycle of refinement has improved the sensitivity of the decision support model to reflect 
observed erosion intensity and indicate changes in risk of mined land erosion with variation in site 
conditions and rehabilitation treatments. 

CONCLUSIONS 
Digital surveying of rehabilitated mine sites has demonstrated the capacity to support spatialisation 
of point assessment soil data, assist identification of variation in spatial characteristics influencing 
erosion and provide dense data sets supporting statistical comparison between rehabilitation 
treatments and regression of site characteristics influencing erosion.   
Further improvements will include: (i) power analysis of alternative virtual grid areas to identify the 
optimum grid size for aggregation of pixel data; (ii) clustering site data into areas of similar 
characteristics to facilitate spatial representation of Bayesian model outputs; and (iii) utilising spatial 
data to allow application of the Revised Universal Soil Loss Equation (RUSLE) (Wischmeier and 
Smith, 1978) for quantitative estimation of erosion risk. 
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INTRODUCTION  
Waste rock produced from sulphidic base-metal ore around the world presents environmental 
challenges both during and post mining operation. Waste rock dumps associated with open pit mines 
are typically very large structures (Hawley and Cunning, 2017) that comprise fine and coarse grained 
materials that are often segregated. The exposure of waste rock to oxygen and water enhances the 
oxidation and weathering of sulfide minerals, which can result in the generation and release of acid 
(Blowes et al., 2013). One long-term solution to control the release of acid from WRD is the 
placement of cover.  
The processes relating to generation of acid mine drainage and controlling parameters for the 
release of dissolved metals from WRD are similar for different wastes (Amos et al., 2015), however 
each WRD has a unique cover system design. This design will depend on the specific site 
characteristics, geology, physical properties and mineralogical compositions of the waste rock, 
climatic setting and to a lesser extent the geometry of the dump (Bao, 2020). These characteristics 
influence the water migration, gas transport, and thermal convection, which ultimately has an impact 
on the downgradient water quality.  
Base metal operations in the tropical equatorial zones require a particular WRD cover design given 
the climate conditions in which they operate. In this study we use the synthetic site and 1-D numerical 
model to understand the importance of particular parameters on the cover design in such climate 
conditions.  

METHODS  
We use 1-D SoilCover soil-atmosphere flux model to predict pressure head, temperature profiles 
and actual evaporation and transpiration. This 1D finite element model is used to investigate a 
number of scenarios for a hypothetical tropical climate site.  
The climate data assumed a distinct dry and wet season based on the rainfall data for a tropical 
zone. Initial (base case) model run was undertaken using average rainfall conditions to obtain the 
dump saturation. This saturation was then applied to one year of rainfall data and no cover on the 
WRD.  
Different scenarios were run to investigate the influence of different overall cover thickness, 
thickness of individual layers, variation in climate and hydraulic and material properties in achieving 
the best output for the waste rock dump. The model required input of a number of material property 
parameters such as hydraulic conductivity, compressibility, specific gravity, and porosity. Typical 
values were assigned initially to model (Table 1). The parameters essential for the model runs have 
been physically verified with comprehensive laboratory test procedures under evaporative flux 
boundaries by Wilson et al. (1997).  
Three layers for capping were considered: barrier layer, capillary layer and erosion protection layer 
(Table 1). These layers have different roles within the cover: the barrier provides the restriction to 
oxygen ingress from surface, the capillary layer provides the reduction of moisture loss in the fine 
grained layer which it undelays and the erosion control layer prevents drying of the barrier layer, 
erosion protection and root penetration.  
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WRD materials  Ksat (cm/s) Porosity (%) Specific 
gravity 
(g/cm3) 

Mv 
compressibility 

(1/kPa) 
Erosion layer 5.E-04 0.31 2.75 3.E-03 

Barrier layer  1.E-05 to 1.E-06 0.32 2.65 7.E-05 

Capillary break 
and erosion 
protection 

1.E-03 0.30 2.80 1.E-03 

Waste material 1.E-04 0.31 2.65 9.E-05 

TABLE 1 – WRD and cover materials properties used in the model 

RESULTS 
A series of SoilCover simulations were conducted to evaluate the performance of the proposed cover 
designs. While significant difference was observed in saturation of the waste material with the 
thickness of different layers within the cover (FIG 1) and the presence or absence of the capillary 
layer, the most significant difference was found with the change in Ksat of the barrier (encapsulation) 
layer.  

 
FIG 1 – Difference in water saturation with two significantly different cover designs (thickness and 

presence/absence of capillary layer are varied) 

The Ksat was varied by an order of magnitude from 10-6 cm/s to 10-5 cm/s. The degree of saturation 
in the 1.5 m barrier layer at a Ksat of 1 x 10-6 cm/s is approximately 90% (Scenario 2, Figure7). 
However, when the Ksat is set to 1 x 10-5 cm/s the saturation is generally only around 80%. It was 
found that the effect of a dry year with a higher Ksat scenario resulted in saturation progressively 
decreasing to a saturation of 70% and lower. Such low saturation in dry periods will result in 
increased oxygen flux and AMD-ML loads.  

SUMMARY AND DISCUSSION 
A number of scenarios were run including the no cover option and various combinations of cover 
layers with varying thicknesses. Thin barrier layer simulations for all scenarios showed that 
decreasing the thickness of this layer results in lower saturation in drier weather periods and hence 
higher acid generation rates are expected.  
The Ksat was the most sensitive parameter tested. One order of magnitude change in the Ksat of 
the barrier layer results in 10% increase in saturation of the waste. These results indicate the 
importance of achieving low permeability in the barrier layer in particularly during dry weather 
periods.  
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INTRODUCTION  
Successful closure and rehabilitation of coal mines, including management of final voids and pit 
lakes, requires an understanding of the rates of salt release over time from spoil piles. Currently, 
there is not enough site data to derive and validate models to predict salt loads. Very few sites have 
spoil piles with well-defined seepage points and/or suitable seepage monitoring data over a long 
period of time. On the other hand, the commonly used laboratory procedures for predicting acid mine 
drainage, such as free-draining funnels or column leaching experiments (ASTM, 2012, AMIRA, 
2002) may not be suitable to assess and predict salt release from coal spoil and laboratory results 
cannot be directly extrapolated to field scales. The current models used to predict pit water quality 
at closure are often based on worst-case scenario, i.e., assuming all salts would become mobilised 
and contribute to the salinity of the voids.  

The placement of spoils by trucks or draglines creates spoil piles which are internally heterogeneous 
and anisotropic with respect to water flow.  Spoil piles are likely to have an upper zone with infiltration 
of rainwater and evaporation through interaction with the atmosphere, a middle unsaturated zone 
with local perched water tables, and a lower zone which can be saturated most of the time by lateral 
recharge (Simmons et al., 2015). The amounts, types, and rates of salts released by spoils depends 
on rock types and the intensity of physical degradation as well as chemical weathering processes 
after the disposal of spoils.  It also depends on water/rock interactions, governed by the hydrology 
of spoil piles.  
The aim of this project funded by the Australian Coal Association Research Program (ACARP) was 
to develop a process for estimating long-term salinity generation rates from different classes of mine 
spoil and spoil pile configurations that can be used in conjunction with water balance models to 
predict seepage rates.  

RESEARCH APPROACH  
Representative spoils of different origins from selected Queensland sites were sampled and exposed 
to weathering in a set of laboratory-scale and meso-scale experiments. Using laboratory and meso-
scale experimental data, simple numerical models were developed that focussed on estimating long-
term salt leaching rates, consistent with a generally recognised conceptual model of a spoil pile. 
Comparison of laboratory-scale to mesoscale leaching data helped understand the role of scale-up 
effects on the long-term salt release from spoil piles.   
Figure 1 shows the general approach of the project, including 1) Characterisation and classification 
of a larger set of spoil samples including initial leaching tests, 2) laboratory-scale experiments 
(funnels and columns) to investigate the effect of sizing and different water/rock ratios, 3) medium-
scale leaching tests for the purpose of up-scaling, and 4) modelling and derivation of decay curves.  
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FIG 1 – Research approach of the project 

RESULTS  
After initial characterisation, selected samples underwent a series of free-draining column (2-3 kg) 
and funnel (500 g) experiments to simulate wet-dry weathering conditions. The focus of the 
laboratory column leach experiments was the prediction of salt release under different water/rock 
ratios and residence times and also to differentiate between salinity from sulfide oxidation processes 
and the release of intrinsic salts (Figure 2). 
 

 
FIG 2 – Electrical conductivity (EC) for sulfidic spoil under varying moisture conditions at 

laboratory-scale column experiment  

Similar experiments were conducted outdoors at mesoscale (1.5–2 tonne). Two spoils, representing 
rock-like and soil-like textures, were subjected to mesoscale leaching for 21 leaching cycles under 
wet-dry conditions. Figure 3 presents the electrical conductivity (EC) from both spoils. Higher EC 
was recorded in the soil-like spoil mainly due to a higher rate of physical degradation while rock-like 
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spoil showed a more sustained release pattern. Although initial dynamics varied, the differences in 
longer-term EC values for both the spoils were low.  
 

 
FIG 3 – Electrical conductivity (EC) measurements from leachates of rock-like and soil-like spoils 

at meso-scale 

The leaching data from the mesoscale experiments and associated leaching models have aided in 
the development of a database of salt decay curves for a sample of spoil pile classes.  

CONCLUSIONS  
The benefits of the project include more reliable, evidence-based predictions of salinity loads from 
different types of spoil piles. Salt release decay curves derived from physical measurements at 
mesoscale has helped in the calibration of flow and moisture-dependent salt kinetic parameters. 
Combining these with spoil pile hydrology models has the potential to replace the conservative 
assumptions currently used for predicting long-term salt leaching. In addition, the newly developed 
sampling and leaching procedures, which have been developed from testwork on spoils from 
different mine sites and geological strata with varying properties, will help facilitate the 
communication of results with the regulator and broader community. The new approach can be 
applied at any stage of the life of mine.  
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INTRODUCTION 
Mining of finite mineral resources makes closure an inevitable part of any mining operation. The 
focus on responsible mining is increasing and there are growing expectations for mines to operate 
and close in a manner that enhances environmental, social and governance (ESG) aspects balanced 
against business objectives of creating economic value for shareholders. 
In Australia, there are few examples of successfully planned and implemented post-closure land use 
outcomes except for those that have achieved rehabilitation closure criteria focused on biodiversity, 
plant species abundance or cover primarily for native vegetation or agricultural land uses.  
Closure outcomes can range from in-perpetuity management to relinquishment of tenure, while 
interim care and maintenance outcome can include strategic retention of tenure to protect future 
mineral resources. Responsible repurposing has the potential to add value to any site in any of these 
scenarios in triple bottom line terms. 
A mine in Western Australia’s Pilbara region was used as a pilot site to evaluate the practicalities of 
achieving repurposed land use outcomes. The repurposing concepts were aimed at providing socio-
economic benefit for local communities while ensuring no conflict with existing and potential future 
BHP activities at or adjacent to the site. 

A Process to Identify Post-Closure Land Uses 
In the absence of internal guidance for mine site repurposing, the BHP Technical Centre of 
Excellence (TCoE) Closure team developed a process to identify an optimised repurposing outcome 
for this site that could be applied to other sites across the industry (FIG 7).  
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FIG 7 - A process for evaluating repurposing options 

Site Characterisation and Knowledge Base 
Mining activity started on the site in the 1960s, ended in the early 1980s, and site demolition and 
rehabilitation works were completed in the mid-1990s. 
The site is located near the regional town of Port Hedland and the predominant surrounding land 
uses include pastoral activity, mining and mineral exploration and tourism. The site is connected to 
the regional rail line and power grid. A pit lake has formed at the site and water quality has been 
assessed as suitable for irrigated agriculture, livestock and aquaculture with limited treatment to 
manage salinity. There is a registered Aboriginal cultural heritage site in the area. 
The pilot site covers approximately 4,100 ha and is predominantly undisturbed native vegetation on 
generally flat terrain and interspersed by low ridges. The mining landforms comprise a large pit 
(~27ha and maximum depth of 157m), a smaller pit that was used as a landfill for demolition waste 
during site closure works, and ~180ha of overburden storage areas (OSAs).  
The site is subject to overlapping forms of tenure that grant different rights and interests to a number 
of parties that include – 

• Mining leases held by BHP; 

• Native title that co-exists with mining leases; and 

• Land tenure comprising several pastoral leases, Crown leases and Crown reserves. 
A review of site tenures found that mining lease rights are generally limited to the pursuit of mining 
and related activities. This meant that implementing a repurposing activity that is inconsistent with 
the purposes of the relevant mining legislation may require BHP to acquire the necessary rights ; or 
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work with a third party to acquire the necessary rights; or enabled a third-party (e.g. pastoralists or 
Traditional Owner) who has the relevant rights to undertake the repurposing activities. 
Learning #1 – Understand tenure on a site and the implications this may have for repurposing to a 
post-closure land use. 
Learning #2 – No repurposing options can be fully considered without a robust knowledge base. 

Land Use Plan 
A land use plan was developed based on the site characterisation. It started with a simple question: 
“What is the land suitable for?” The site was then divided into different zones or ‘precincts’, where 
each precinct represented a different level of land suitability, i.e., land that shared the same 
constraints, e.g., flooding or dispersive soils, is zoned together. Potential land uses that are 
compatible with the land suitability were then identified. The Land Use Plan for the pilot site (FIG 8) 
comprised the following precincts: 
a) Multi-Purpose Precinct – allocated for various non-residential land uses (e.g. recreational 

activities) to make use of disturbed areas and unique landforms including the OSAs and pit lake; 
b) Strategic Agriculture Precinct – areas suitable for agriculture including aquaculture and native 

species horticulture that have access to public roads, low flood risk and are close to power 
infrastructure; 

c) Rural Precinct – provides for the continuing use of the land for pastoral purposes only and 
includes land uses such stock routes; 

d) Mining Support Precinct – area for activities associated with potential future mining; 
e) Exploration Precinct – identifies future exploration targets within the pilot site; and 
f) Strategic Infrastructure Precinct – protects the strategic infrastructure, e.g., rail line, power lines 

and gas pipelines. Development in the strategic infrastructure precinct would only occur if it is 
complimentary to the ongoing use and operation of the infrastructure. 

Learning #3 – Land Use Plans can be used to spatially represent land suitability and constraints, 
and enable identification of potentially suitable post-closure land uses that do not compromise 
potential mineral resource extraction based on changing market dynamics or demand, or create 
future land use conflict. They are also useful communications tools. 
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FIG 8 - A conceptual Land Use Plan comprising different precincts based on land suitability 

Development Framework 
A development framework was used to define specific development controls associated with each 
land use precinct, ensuring alignment with completion criteria and relevant legislation. The 
framework also provides supporting information that may be required to enable repurposing 
development (i.e. additional characterisation studies, regulatory approvals, etc). 
Learning #4 – A development framework provides the specific development controls applicable to 
repurposing developments and for understanding of approval pathways. Screening of options at this 
point based on any identification of fatal flaws assists in deciding to progress, or not, of repurposing 
concepts.  

Development Opportunity Identification 
Strategic direction for the development and economic diversification of the Pilbara was provided by 
the Pilbara Regional Investment Blueprint (Pilbara Development Commission, 2019). The key 
diversification opportunities identified for the pilot site included options within the following themes: 

• High-value agriculture and cropping, and agricultural processing; 

• Aquaculture, biofuels and co-products; 

• Energy production and energy exports; and 

• Nature and heritage-based tourism. 
Learning #5 – Align repurposing options to existing local and regional development plans to enable 
repurposing success and effective engagement with stakeholders (internal and external). 
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Evaluate Options and Select Preferred Post-Closure Land Use 
A Multi Criteria Decision Analysis (MCDA) was used incorporating a range of evaluation criteria such 
as environmental, societal, commercial feasibility and economic aspects to facilitate decision making 
in relation to the preferred post-closure outcomes. 
Evaluation of the different repurposing opportunities found that whilst aquaculture and renewable 
energy are likely to deliver the greatest returns from an economic and environmental perspective, 
respectively, each of the other repurposing opportunities have their own strategic advantages and 
benefits to the region. For example, nature and heritage-based tourism, as well as Traditional Owner 
and native species rehabilitation opportunities, confer different benefits but could all be implemented 
in a phased approach over time.  
Learning #6 – Multi Criteria Decision Analysis is a simple and effective tool to assess options, enable 
transparent decision making and communication to stakeholders. 
This project has identified repurposing opportunities for a mine site in the Pilbara with characteristics 
that could support commercial development, such as access to strategic infrastructure including 
roads and power, a good water supply and proximity to a regional population. Importantly, these 
repurposing opportunities are consistent with a regional development blueprint for economic 
diversification. Challenges to repurposing persist, however, due to restrictive tenure rights. A smooth 
transition to a repurposed landscape in the Pilbara will require collaboration between mining 
companies, the community, third party businesses and State and local government, particularly 
those involved in land use planning. Divergent thinking on repurposing options that are then framed 
by an understanding of land use capabilities and regional diversification strategies, as piloted with 
the process described here, is the first step to enable value creation for the next set of stakeholders 
in post-mining landscapes.   
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INTRODUCTION 
There are many examples of situations where final voids on floodplains have resulted in undesirable 
environmental outcomes, manifesting in large water inventories, poor quality water, migration of 
contaminants and ongoing erosion issues. This has led to an increasing focus from industry and 
regulators on whether final voids should be permitted in floodplains, and if they are to exist, how they 
should be designed and operated. 
The exclusion of floodwater from mining voids usually minimises the risk of erosion, loss of 
catchment runoff and maintains catchment hydrologic processes. This has led mine planners to 
sequence mining so that final voids are located outside floodplains, or construct landforms around 
mine voids using overburden, to isolate final voids from the floodplain.  
While it can be true that water resource risks are reduced if final voids are located outside floodplains, 
this is not always the case. For some sites, the siting of a final void on a floodplain may improve long 
term environmental and social outcomes, for example by providing a water storage, ecological 
habitat, mitigating groundwater drawdown or limiting oxidation of sulfides. 
This paper explores the risk factors that apply in different situations across a range of commodities, 
and provides an approach that can be used by both industry and regulators to determine the merits 
of a range of final void scenarios. 

POLICY EVOLUTION 
The interaction of floodwaters with final voids has become an emotive and politically charged issue 
facing the mining sector. Final voids are by their nature usually visible and there have been a string 
of well-publicised failures, leading to erosion and large water inventories containing poor water 
quality. In Queensland, Australia, there is even greater focus because of the downstream receiving 
environment – the Great Barrier Reef, a World Heritage listed natural asset. The response from 
regulators in a number of jurisdictions, including Queensland, has been to discourage or prohibit 
final voids on floodplains. However is this the right approach, and do the risks justify the policy 
response?  

THE NEED FOR A BALANCED VIEW 
While there are indeed many situations where final voids on floodplains provide an unacceptable 
risk, there are some situations where they may represent the best environmental and/or social 
outcome. As with all aspects of closure planning, it is important to think about the future land use 
and the lasting legacy of the mining operation.  
One of the fundamental tenants of closure planning is to understand stakeholder expectations and 
align the mining and closure strategy to maximise the future land use opportunities. The mine may 
offer a unique opportunity to construct a large capacity water storage. This may open up a new 
agricultural region, a chance to create new habitat for migratory birds to replace nearby damaged 
habitat, or even generate a commercial aquaculture operation led by the traditional owners.  
It is critical that the mining industry engage with the community and understand their environmental, 
social and economic desires and aspirations; and subsequently inform the closure plan around these 
expectations. Treatment of the final void is just one small part of this larger strategic closure planning 
consideration.  
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ALTERNATIVES 
The ability to modify final void interactions with floodplains is highly site dependent. The structure 
and location of a resource has perhaps the largest bearing on the mining method, which in turn 
influences the flexibility around void and landform options. Strip mining operations, common in the 
coal industry, typically provide greater flexibility in mine sequencing. This often enables backfilling of 
spoil in areas previously mined, allowing final voids to be located outside floodplains.  
There can be less flexibility in hard rock mines with localised or deep resources, which may limit the 
ability for operational backfilling. The commodity and mining method therefore largely determine the 
flexibility available for final void options. 
However, there is often a continuum of final void options ranging from avoiding extraction, to 
changing the mining methodology (e.g. underground mining), backfilling, isolating the void from the 
floodplain, or allowing a connection, either intermittent or permanent, with a stream. There are 
successful examples of each practice and plenty of situations where options have not performed as 
planned. For any option, it is important that the risks and opportunities are properly and thoroughly 
investigated. 

RISK FACTORS 
Final voids are complex systems and require cross-disciplinary understanding across the fields of 
hydrology, hydraulics, ecology, geochemistry, geotechnics, landform etc. When assessing options, 
it is important to overlay consideration of social, community, economic and planning needs and 
trends. Both macro and micro scale assessment is required, especially when considering re-
purposing options, to ensure the strategy will remain viable in the years and decades ahead. 
There are a plethora of tools and assessment techniques available for assessing risk factors and 
identifying preferred scenarios. These include triple bottom line, SWOT, multi-criteria analysis and 
cost-benefit analysis. There is an increasing acknowledgment of the importance of residual risk when 
exploring risks and comparing options. Tools are available for investigating residual risk and 
weighing up the benefits and costs of alternative scenarios.  

CONCLUSION 
Siting final voids on floodplains introduces additional complexity and risk than when located outside 
floodplains. In spite of this, in some situations the siting of a final void in a floodplain can result in the 
best outcome for a particular site and may improve long term environmental and social outcomes. 
For example, by providing a water storage, ecological habitat, mitigating groundwater drawdown or 
limiting oxidation of sulfides. It is important to thoroughly investigate the risk factors and adopt a 
decision-making framework for weighing up costs and benefits associated with different design 
approaches. To assume all final voids in floodplains are bad may result in missed opportunities to 
create a positive and enduring legacy. 
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INTRODUCTION  
Knowledge pertaining to mined rock stockpile (MRS) construction, material placement and material 
characterisation has improved over the past twenty years. Previous knowledge gaps and less 
stringent regulatory frameworks resulted in some poorly constructed, managed and rehabilitated 
MRSs with legacy issues such as acid and metalliferous drainage (AMD), gas release, internal 
heating, surface erosion and combustion of mined rock. If not properly managed, these can cause 
increased public health and environmental risks to local and downstream receptors. Therefore, 
operations that hold historical MRSs of social and environmental concern are motivated to improve 
their mined rock placement strategies, MRS construction and management measures to lower their 
risk and increase their social licence to operate.  
Here we focus on store and release (S&R) covers systems as a management measure for legacy 
and new MRSs containing AMD generating material. The analysis focuses on seventeen years of 
monitoring data from a cover system trial atop a potentially reactive MRS, and subsequent learnings 
over a twenty-year period with an emphasis on the hydrological cover system regime.  

IDENTIFIED AMD RISK  
The MRS was constructed in the early 1990s in an arid climate with high potential evaporation (PE). 
It was constructed by end tipping co-mingled potentially acid forming (PAF) and non-acid forming 
(NAF) finer and coarser material from high tip heads. At the time no waste rock scheduling was 
conducted to manage PAF material coming from the pit.   
The high tip heads resulted in segregation of waste rock with significant coarser grained rubble layers 
forming at the base of the legacy MRS. These layers provided flow paths for advective gas 
movement into the MRS. Ingress of oxygen oxidised sulphide-bearing waste minerals and produced 
acidity within the MRS. The acidity was then mobilised through net percolation (NP) that appeared 
as seepage emanating from the base of the MRS soon after large successive rainfall events.  

S&R COVER SYSTEMS – A MANAGEMENT MEASURE  
Okane was engaged to undertake studies to quantify the structure, reactivity and hydrology of the 
legacy MRS after the identification of AMD. The overarching objectives of this multi-year program 
was to understand the causes and risks associated with AMD for this MRS, then design effective 
management measures to control the risks.   
One of the key engineering controls explored was the construction of a S&R cover system to manage  
AMD generation and seepage. The S&R cover system was designed to reduce the influx of water 
(i.e., NP) through waste rock, provide an oxygen diffusion barrier to minimise the influx of oxygen, 
provide erosion resistance, and support vegetation establishment to meet long-term land-use 
objectives. This single-layer S&R cover system was designed to control precipitation by storing water 
during wet periods for subsequent release back to the atmosphere by evapotranspiration during dry 
periods   
Construction of a 5 m thick cover comprising non-reactive banded iron formation (BIF) material 
began in 1998. Volumetric water content and suction sensors to quantify soil moisture conditions 
and NP, and a weather station to capture meteorological conditions were installed. The cover trial 
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has provided over 20-years of continuous data, arguably one of the largest cover system datasets 
of its kind.  

KEY LEARNINGS THE AVERAGE DOES NOT EXIST FOR COVER SYSTEMS  
Cover systems are typically designed to achieve an agreed NP rate. Several factors play a role in 
determining this acceptable level of NP (e.g., water quality, post mine land-use, physical 
characteristics of available material, etc.; INAP, 2017). However, a key driver in determining the 
acceptable level of NP is climate, mainly rainfall and PE.   
A cover design based on long-term averages risks not achieving the NP target because of climate 
variability. In this case study the 17-year average annual rainfall measured by the site meteorological 
station (455 mm) was 28% higher than the 45-year average (327 mm) measured by the Bureau of 
Meteorology weather station approximately 7 km away. FIG 1 shows the monthly variability in rainfall 
over the 17-year period.  The difference between the average rainfall for January (approximately 100 
mm) and the maximum (>300 mm) is significant. Smaller differences were found in other months. 
The effects of this variability on water release and NP must be considered in the cover system 
design.   
In addition to these short-term variations which are related to El Niño (dry) and La Niña (wet) 
conditions in the Pacific Ocean and other oceanic oscillations, longer-term variations are even more 
uncertain. Therefore, designing cover systems and setting targets based on the long-term average 
only is not an advisable approach.  

  
FIG 1 – Box and whisker plot showing variability in rainfall by month from 1997-2014.  Whiskers 

indicate the maximum and minimum values, the box represents 75th percentiles, while the median 
is represented by the mid-range solid line.  Mean values are presented as the thick black dashed 

line.  

FOCUS ON THE EXTREMES  
Cover system performance does not operate on long-term averages, it is a function of the minimum 
and maximum rainfall. In this case study there is some evidence that the magnitude of annual NP 
for test plots (TP) #1 and TP#2 correlated with the magnitude of rainfall for that given year (FIG 2). 
No NP was recorded for the five years where rainfall was below the 45-year average (nor in one year 
where rainfall was approximately 20% above the average). NP in all other years ranged from 10 to 
35% of rainfall. However, during the wettest year and a ‘normal’ year, rainfall was approximately 
257% and 34% above the average, respectively; in both those years NP exceeded 70% of the 
average annual rainfall. NP in relation the magnitude of rainfall and associated variability can be 
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explained by factors other than rainfall. There is evidence that the available water holding capacity 
(AWHC) and antecedent moisture conditions are such factors.  
NP at each TP was generally higher during above average rainfall years, during these periods the 
available water holding capacity (AWHC) was exceeded resulting in NP. The exceedance of AWHC 
was exacerbated by antecedent moisture conditions within the covers after subsequent above 
average rainfall years resulting in NP, even if the following years had less rainfall (FIG 2). During 
below average rainfall years the cover’s AWHC was not exceeded resulting in little or no NP, 
especially when antecedent moisture conditions within the cover system were low.  
A key learning from this case study was that effective cover design and associated performance 
targets should focus on extreme rainfall events and consider antecedent moisture conditions within 
the cover system. Moreover, rainfall during above average rainfall years may not always register as 
NP immediately; it may be delayed depending on cover system thickness, material properties, 
antecedent moisture conditions, PE and the buffering capacity offered by vegetation through 
transpiration as the plant community evolves with time.  

  
FIG 2 – Rainfall compared to estimated net percolation at TP#1 and TP#2 for each monitoring 

period since the onset of monitoring; the 17-year and 45-year rainfall averages are 455 mm and 
327 mm, respectively.  

MONITORING TO REDUCE UNCERTAINTY  
Even if the cover system design process incorporates rainfall extremes and climate variation around 
long-term rainfall averages some uncertainty regarding the potential performance of a cover system 
remains. A key approach to reducing this uncertainty and understanding the factors driving it is 
through the construction, instrumentation and monitoring of cover system trials during and after 
operations.   
Constructing and monitoring of instrumented cover system trials as early as practically possible 
during a mine’s operation will decrease the risk of cover system failure at closure. Monitoring for a 3 
to 5-year period will reduce the level of uncertainty regarding any frequent climate cycling, 
spatialtemporal variability, and expected cover system performance (INAP, 2017). For example, 
uncertainty regarding antecedent moisture conditions, its relationship with climate cycles and 
subsequent effect on NP is a factor that might be poorly understood during the design process but 
can have a significant impact on cover system performance. Through monitoring, the level of 
uncertainty can be reduced, and design changes can be made if necessary, prior to site-wide cover 
system implementation to increase the likelihood of achieving NP performance targets.   
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If possible long-term monitoring (5 to 20-years) of trials or full-scale cover systems should also be 
undertaken to capture longer climate cycles (e.g., Pacific Decadal Oscillation), the evolution of cover 
system material properties over time, and the effect of vegetation as plant communities develop. 
Short- and long-term monitoring of cover systems reduce uncertainty prior to site-wide 
implementation of a particular cover system design.  

CONCLUSIONS  
Twenty years of monitoring on a S&R cover system atop an AMD generating legacy MRS has yielded 
learnings that can be incorporated into the cover system design and implementation process. 
Significant departures from the long-term rainfall average will have an impact on cover performance, 
therefore, climate cycling must be incorporated into the cover system design process. Moreover, 
rainfall extremes, timing and antecedent moisture conditions within the cover system must be 
considered to design effective cover systems and achievable performance targets, as these factors 
are likely to have the largest impact on NP. Lastly, cover system designs must be tested and 
monitored to reduce the uncertainty associated with environmental factors and their effect on cover 
system performance.  
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INTRODUCTION  
The ERA Ranger Uranium Mine, surrounded by Kakadu National Park (KNP) in Australia’s Northern 
Territory, has commenced closure and rehabilitation activities, including revegetation, that shall be 
completed by 2026, followed by a post-closure monitoring and maintenance period.    
The final waste rock landform will be revegetated to establish a self-sustaining native ecosystem, 
similar to the eucalypt savanna woodlands that dominate the adjacent area of the KNP. The waste 
rock substrate dictates fairly harsh conditions, including relatively low water holding capacity and low 
or no soil organic matter, microbial activity or nutrients. Given the long dry seasons in the monsoonal 
wet-dry tropics, and the high fire frequencies in the KNP, this poses great challenges for the Ranger 
mine’s ecosystem reconstruction.  
The ERA revegetation strategy is to initially establish framework overstorey species along with a 
subset of important and reliable midstorey and understorey species (ERA 2020). Once these species 
have established, they will control much of a site’s nutrient and water resources, and will provide 
many of the core habitat values for other plants and animals to colonise. Species that fail to thrive 
under these challenging initial establishment conditions shall be the focus of ‘secondary’ introduction 
trials in areas of developing revegetation with improved conditions such as increased canopy of 
overstorey species providing shade and a developing soil and litter layer with associated increased 
soil moisture holding capacity.   
To support this approach, the ERA Species Establishment Research Program (SERP) has been 
developed to systematically work through all of the potential revegetation species and identify the 
best way to establish them in the rehabilitation at the Ranger Mine. The SERP involves a series of 
progressive trials to determine the most efficient and effective establishment method for each 
species or for an indicative species for a group of related or similar species. Priority will be placed 
on framework species that are required for initial introductions as this will result in the majority of 
species and stems per hectare in the revegetation program. Other species, particularly understorey 
species, will be progressively tested in small trials (eg, pot trials or small-scale field trials) due to 
limited source material.   
The SERP is continuously working to increase the number of species included in the revegetation 
implementation program (either as initial or secondary introductions), through improved 
understanding of practical aspects such as seed collection, storage and usage strategies, 
propagation tactics, planting and irrigation methods, and species-specific ecological characteristics 
in terms of substrate, water availability and competition.  
A range of information is important to informing the SERP and this is maintained in a Microsoft Excel 
‘database’. ERA has been continuously reviewing, updating and building on the information in the 
SERP database – to support the systematic approach to focussing research efforts based on risk 
and prioritisation. The SERP database currently comprises 135 species, including 19 overstorey 
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(OS) tree species, 67 midstorey (MS) tree and shrub species, and 49 understorey (US) species. All 
species are initially assessed as framework or ‘other’, and likely suited to an initial or secondary 
introduction strategy. The species included in the database will continue to be refined as outcomes 
from ongoing reference site survey and data analysis (eg, Mattiske & Meek 2020), revegetation trials 
(eg, Ranger Trial landform, Stage 13 and Pit 1), risk assessments and further stakeholder 
consultations are completed (including appropriate formal review by stakeholders).  

RESEARCH TRIALS  
Over more than thirty years, a large number of small-scale revegetation trials have been undertaken 
at Ranger Mine by the CSIRO, ERA, ERISS, and other parties in relation to final landform (FLF) 
morphology, revegetation and ecosystem establishment (ERA 2020). All this research has 
culminated in an extensive body of applied techniques, designed to give confidence that the 
revegetation strategy proposed for the closure of the operation will result in a long-term selfsustaining 
ecosystem.  
A major research milestone was the establishment in 2008/09 of the 6 ha Ranger Trial Landform 
(TLF) area designed to inform landform design, material characteristics, and revegetation strategies  
(Daws et al. 2009). An extensive monitoring system was installed to assess the soil water holding 
capacity, runoff and infiltration of the landform (Daws et al. 2008, Shao 2015) as well as a series of 
ongoing species introduction trials to assess revegetation performance (ERA 2020). Earlier TLF 
revegetation trials have provided valuable information regarding early establishment and 
performance of introduced vegetation, it is now a demonstration of a maturing ecosystem, with a 
developed canopy and ground cover (Lu & Meek 2019). Thus, trials on the TLF are now focussed 
on the potential for ‘secondary introductions’ of target species that are not suited to ‘initial 
introductions’, with a focus on understorey species (Parry 2018).  
As the operation progresses into closure execution (formally commencing in January 2021), new 
areas of waste rock are becoming available and are the focus of trials looking at continued 
optimisation of ‘initial introductions’ of target species. Between the TLF and the newer waste rock 
trials, ERA continues to systematically hone its ability to successfully establish a woodland 
ecosystem. In 2019/2020 a small area of new waste rock ‘final landform’ was identified as being 
available for revegetation trials. The 0.6 ha ‘Stage 13.1 A’ trial area was ripped at 3 m intervals to a 
depth of 50 cm, fitted out with irrigation and planted in April 2020 with 1,207 tubestock of 22 species 
(Figure 1). In addition to species specific performance in the waste rock substrate, this trial is looking 
at four treatments to optimise propagation and planting methods including: effect of microbes in 
tubestock potting mix, nursery pot size and material, hardening off strategies and planting out 
methods. Small areas of the trial have been set aside for planting out at different times of year, to 
also test the influence of the tropical, seasonal conditions on these factors.  

  

FIG 1 – Native seedlings planted on Stage 13.1 Area A (8 July 2020)  
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The 22 trialled species were chosen as they represent different community strata (OS, MS, and US), 
they are from different families (Myrtaceae, Picrodendraceae, Combretaceae, Malvacea, 
Anacardiaceae and Proteaceae), and are a combination of evergreen or deciduous. Early monitoring 
of the Stage 13.1 trial indicates a gradual reduction in the average mortality rate to after 10 weeks 
with overall survival stabilising around 75% in the following four weeks; overall health of the 
tubestock also increased during that time as they slowly became less stressed (Figure 2). Some of 
the best performing MS and OS species were Brachychiton megaphyllus (88%), Buchanania 
obovata (91%), Grevillea decurrens (90%), Melaleuca viridiflora (95%), and Terminalia 
ferdinandiana (88%).    

  
FIG 2 – Stage 13.1 overall tubestock survival and health ranking (based on visual assessment) at 

13 weeks after planting (includes OS, MS and US species data)  

This presentation shall introduce the ERA Species Establishment Research Program and present 
historical results from the Ranger TLF and outcomes of more recent trials in the waste rock landform.   
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INTRODUCTION 
On 30 June 2020, the Mine Land Rehabilitation Authority superseded the Latrobe Valley Mine 
Rehabilitation Commissioner (LVMRC 2020) as the independent overseer of Victoria’s declared 
mine rehabilitation.  Declared mines are identified as geotechnically and hydrogeologically complex.  
Currently, only the Latrobe Valley’s three brown coal mines are declared, with each mine at a 
different stage of rehabilitation and closure planning: Hazelwood ceased mining in 2017, Yallourn is 
scheduled to end mining in 2032 and Loy Yang in 2048.  Figure 1 shows the location of the mines.  
The Authority’s creation was a recommendation of the 2015 Hazelwood Mine Fire Inquiry (HMFI, 
2016).  The Inquiry recognised the need for greater oversight of rehabilitation planning and 
implementation and long-term management of risks following mining lease relinquishment. 
Currently the Authority is required to:  

• Coordinate rehabilitation planning activities and monitor and evaluate risks posed by declared 
mine land. 

• Provide assurance to the Victorian community that the Latrobe Valley Regional Rehabilitation 
Strategy (LVRRS) is being implemented effectively by public sector bodies and mine licensees.   

• Inform, educate and engage with Victorian communities, and ensure locals have a say in the 
planning for rehabilitation of declared mine land. 

• Provide advice and recommendations to the Minister for Resources in relation to the regulatory 
framework, outcomes of stakeholder engagement, and planning for rehabilitation, of declared 
mine land. 

• Investigate, audit and report on public sector bodies and mine licensees in relation to the 
implementation and effectiveness of rehabilitation planning activities. 

In the future it is required to: 

• Monitor, maintain and manage declared mine land in accordance with the post-closure plan, 
establish and maintain a register of declared mine land, and have the ability to purchase, 
acquire and dispose of declared mine land or land in close proximity, if required. 

REHABILITATION PLANNING CONTEXT 
In addition to fire risks, the brown coal mines are inherently unstable and require continuous 
monitoring and management of ground movements and groundwater pressures around and below 
the pits to prevent damaging ground movements.  Over the last fifteen years several damaging 
events have occurred.  These highlight the difficulties of maintaining pit stability in the long-term, 
even with rigorous ground control management plans. 
Maintaining post closure landform stability is complicated by recognition that local surface water 
resources are likely to reduce due to climate change and that it may prove difficult or impractical to 
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use local water to fill the mine voids to create pit lakes.  The development of full pit lakes has long 
been recognised as the preferred pathway to creating stable rehabilitated landforms for the Latrobe 
Valley brown coal mines, with little to no long-term maintenance requirements or ongoing aquifer 
pumping, thereby allowing the groundwater systems to recover.  If local water is not available, then 
either alternative non-water-based landforms are required or imported water is required to complete 
the lake filling (LVRRS, 2020).  Both alternatives are likely to be costly and non-water options may 
leave a legacy of long-term monitoring and maintenance with high residual risks. 
The creation of a well-defined pathway for relinquishment and long-term management of mine land 
degradation risks is a major reason for the existence of the Authority. 

 
FIG 1 – Latrobe Valley Map (Source HMFI 2016) 

CONTENT-LED ENGAGEMENT 
To deliver its current remit, the Authority is adopting content-led, consensus-building approaches to 
engage with stakeholders and community groups.  This is to ensure that the facts relevant to decision 
making and the organisational arrangements for decision making are clear and accessible. 
Organisational arrangements for decision making and the opportunities for active 
engagement/involvement in the rehabilitation process can appear rather confusing to community 
members.  The mine operators are required to consult with the community before seeking approval 
for their preferred rehabilitation option.  Depending on the option, the mine operators may need to 



 

143 

submit an Environmental Effects Statement (EES), during which wider community views can be 
elicited, before submitting a rehabilitation plan for regulatory approval.  The requirement for an EES 
is uncertain and planning approvals may be given without an EES, should impacts not warrant this 
step.  New regulations for declared mine rehabilitation planning are in preparation and will have a 
greater emphasis on post-closure management, as well as wider expectations of community 
involvement.   
Given this background, the Authority gathers and shares knowledge among stakeholders and 
community at three levels.  Level 1 addresses the technical considerations and processes required 
for rehabilitation design that may constrain final land forms and uses.  Level 2 addresses the risks 
inherent in rehabilitation implementation, irrespective of landform selection.  Level 3 addresses the 
operational, planning and regulatory processes to ensure good rehabilitation outcomes.  
Understanding among all groups and across all levels is required to build confidence in the planning 
processes and decisions.   

POST-CLOSURE MANAGEMENT 
Post closure management of mine land following rehabilitation has increasing focus nationally.  All 
states (e.g. Queensland, 2017, NSW, 2017) are presently developing mechanisms to ensure that 
relinquishment can occur, long-term liabilities are met through appropriate frameworks for oversight, 
identification of post-closure residual risks and fund management to meet ongoing costs and 
unforeseen events.  Of relevance, internationally, is the current framework in Saskatchewan, Canada 
(Cunningham, 2019) that provides an advanced model for land transfers and long-term management 
through an Institutional Control Program and land registration.  The Authority’s remit derives from 
similar concepts to Saskatchewan but differs in so far as it recognises private ownership as a key 
strategic endpoint for most mine land.   

CONCLUDING REMARKS   
Communicating honestly and openly with stakeholders and community is an essential component in 
trust building.  The environmental and socio-economic complexities involved in rehabilitation 
planning for the Latrobe Valley increase the requirement for transparency and awareness building.   
As the eventual overseer and potential owner of mine land with post-closure residual risks requiring 
monitoring and maintenance, the Authority provides the platform for ensuring relinquishment can 
occur, costs are covered and community has confidence in long-term access to and management of 
rehabilitated land. 
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INTRODUCTION  
In open cut mining, a significant amount of material is removed during operations which can leave a 
void on the ground surface. Depending on the local hydrology, the void can begin to fill with water 
and form a pit lake after closure and cessation of dewatering. Development and rehabilitation of the 
final landform can begin post-mining, including any decisions on leaving a permanent pit lake. There 
are two commonly employed strategies applied to mine pits at mine closure: backfill with waste 
material or maintain as an open (final) void. There are many environmental, social, visual, and 
economic issues to consider when selecting the most appropriate closure strategy. Backfilling can 
mitigate many social and environmental issues; however, this is usually prohibitively expensive and 
may lead to unintended environmental and social impacts (McCullough et. al. 2012). Pit lakes are 
often seen as the most practical, cost effective option (McCullough and Lund 2006).  
Long-term prediction of pit lake water quality attempts to address the regulatory and community 
expectations and aid in determining if the pit lake is safe, structurally stable, non-polluting and able 
to sustain a post-mining land use. Numerical modelling provides a tool for predicting future pit lake 
states in terms of hydrological processes, stratification behaviour and water quality properties. 
Modelling is routinely used for risk characterisation purposes, especially the potential for over-
topping and export of pollutants (McCullough and Lund 2006). Knowledge of future lake states can 
also inform decision making on potential beneficial uses. Alongside the predictive modelling, 
ecological assessments in the early stages can provide information for remediation that can influence 
the ecosystem and mitigate the environmental damage (Blanchette and Lund, 2016). 
Pit lakes present a complex suite of processes when simulating the hydrodynamic and 
biogeochemical processes over the long term and model predictions are constrained by significant 
uncertainty regarding the structural, boundary forcing, and other parameters involved. Monte Carlo 
Markov Chain (MCMC) analyses are useful applications for predicting estimates from uncertain data. 
MCMC analysis also provides estimates of the uncertainty of the long-term. 
The modelling concept presented in this study outlines a procedure for assessing the environmental 
value of mine void lakes in their current state and possible lake states in the long-term. The predictive 
modelling combined with the ecological assessment of pit lakes will provide both mine companies 
and stakeholders with predictions for potential problems (i.e. poor dissolved oxygen, high salinity) at 
an early stage, and allow remediation to be identified and applied before relinquishment occurs 

APPROACH 
The predictions for long-term water quality of pit lakes need to include the geochemistry as well as 
the implications of geo-chemical cycling. Using a combined approach of a one-dimensional (1D) 
hydrodynamic model coupled with a geochemistry and nutrient model long-term predictions were 
made for five pit lakes in NSW and QLD. 
The General Lake Model (GLM) is a 1D lake model that has been stress tested on a diverse range 
of lake systems (Bruce et. al., 2018). It computes the vertical profiles for temperature, salinity and 
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density within the water column, taking account of bathymetry, inflows and outflows, meteorology, 
surface heat exchange and mixing processes.  
The Aquatic Ecodynamics Modelling library (AED2) simulates water quality, biogeochemistry and 
ecosystem dynamics in natural systems. This system can be extended with additional modules 
including an advanced geochemical solver (Hipsey et. al., 2013).  
The combined approach of GLM and AED2+ with the geochemistry model attempts to make 
predictions about water quality over the long-term in pit lakes to inform final end-use planning for pit 
lakes. Further understanding surrounding the uncertainty in model predictions was estimated using 
an MCMC uncertainty analysis on the parameters with the largest range of uncertainty over the 
simulation period.  
While it is beyond the scope of this study to investigate all sources of model uncertainty, a Monte 
Carlo Markov Chain (MCMC) approach to quantifying predictive uncertainty was applied to the inflow 
parameters for the mine void lake. The MCMC analysis provided a means for estimating uncertainty 
of the GLM-AED2 predictions over the long-term simulation by modifying the relative contributions 
of surface and groundwater inflows to the mine void lake water balance with the potential to be 
expanded to other parameter uncertainty in the further studies. 

FINDINGS 
Characterisation of the hydrodynamics and the water quality within the pit lakes over the long term 
was achieved using the coupled GLM-AED2 geochemistry model. All voids were observed to have 
seasonal temperature stratification. Typical results for a five-year simulation of some of the key 
physical and geo-chemicals parameters are shown in Fig 1.  
Stratification patterns were influenced by the partitioning of surface and groundwater inflows, light 
extinction coefficients and climatic conditions. In some lakes stratification persisted while others were 
well mixed seasonally. For lakes with persistent stratification, understanding the type of event 
required to mix the lower layers was determined through scenario modelling and was useful to 
understand the risk of overturning, circulating the water below the stratification which can contain 
higher levels of pollutants and low dissolved oxygen. 

 
FIG 1: GLM model results for temperature, salinity, dissolved oxygen (DO), pH, dissolved organic 
carbon (DOC), dissolved inorganic (DIC), phytoplankton (Phy), sulfate (SO4) and strontium (Sr). 

The model replicated the seasonal thermocline and permanent halocline that was observed in the 
pit lake.  

Uncertainty analysis over the long-term (up to 100 years) showed the upper and lower bounds of the 
expected lake states in near surface water (Fig 2). This type of analysis can be used to identify the 
potential risks from pit lakes relate to when they fill, and the volume and quality of the pit lake water 
and the spill water. Coupled with a study in the aquatic ecological assessment, the modelling has 
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been used to inform long term management plans, including monitoring requirements, proactive 
management of water quality through engineered solutions and options to increase the diversity of 
the aquatic environment.  

 

 
FIG 2: MCMC uncertainty analysis of potential lake states for the near surface waters for 

temperature, salinity, and water level.  
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INTRODUCTION 
Open cut mining typically creates an open void, which may become filled with water to form a pit 
lake.  Pit lakes have the potential to support a range of biodiversity values and/or human uses, which 
depends on, among other factors, the physio-chemical properties of the lake (Blanchette and Lund 
2016).  
Water quality guideline values (WQGVs) provide a basis for assessing the potential suitability of 
waterbodies to support several human uses.  ANZG (2018) also provide default WQGVs for the 
protection of aquatic ecosystems.  While WQGVs provide contextual information on potential 
ecosystem stressors, they do not in isolation provide a basis for defining the functional ecosystem 
values and properties of waterbodies, and their capacity to support a biodiversity-based beneficial 
use.   
The physio-chemical characteristics and biodiversity values of pit lakes will depend on multiple inter-
related factors.  These factors include physical set-up (e.g. depth, spatial extent, bank gradient etc.), 
water quality, hydrology, lake age and biological processes.  Unlike the well-studied acidic pit lakes 
in Western Australia (McCullough and Lund 2010; Blanchette and Lund 2016), there are knowledge 
gaps regarding the aquatic ecosystems characteristics of pit lakes created by coal mining in eastern 
Australia.  This knowledge gap impedes decision making on the end use and rehabilitation planning 
of final voids. 
This pilot study aimed to characterise the aquatic ecosystem features and values of two non-acidic 
pit lakes created by open-cut coal mining in eastern Australia.  A complementary hydrological and 
water quality modelling study is reported by McCall et al. (2021).   

Approach 
The subject sites were:  

(i) Westside Final Void, West Wallsend Mine, NSW.  This pit lake has good water quality 
(fresh overlaying a lens of slightly brackish water) and has been rehabilitated.  The lake 
began to fill in 2011-12 and reached its present water level in 2014.   

(ii) OCC A3 West at Oaky Creek Mine, Queensland (hereafter referred to as OCC A3).  This 
pit lake is brackish (~11 parts g/L) and has not been rehabilitated.   

Water quality measurements included: (i) diurnal dissolved oxygen (DO) to quantify lake productivity 
(Mulholland et al. 2005); (ii) in situ water quality profiling through the water column using a YSI EXO 
multiparameter sonde and photosynthetic active radiation (PAR) sonde; (iii) major ions and trace 
metal/metalloid suite determined by laboratory analysis of grab samples.   
Biological sampling included: (i) water grab samples collected through the water column for 
laboratory analysis of algae biomass and speciation; (ii) visual surveys and grab sampling of benthic 
macrophyte and macroalgae; (iii) sampling of aquatic macroinvertebrates on the lake edge using the 
AusRivAS sampling methodology; (iv) sampling of aquatic macroinvertebrates on the lake bed using 
a grab sampler; (v) sampling of fish and turtle assemblages; (vi) incidental observations of water 
birds at and over the lake.   
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Findings 
This assessment demonstrated that the two lakes support a range of biodiversity values, despite 
being artificial features with no similar natural analogues.   
Both lakes had a low diversity and abundance of structural habitat features such as riparian 
vegetation, fallen timber, large rocks and emergent macrophytes (i.e. sedges, rushes etc.).  The 
clear lake waters provided suitable growing conditions for submerged plant growth, and stoneworts 
(Characeae) beds were well developed in the littoral zone of both lakes.  Stonewort beds can provide 
critical ecosystem roles, including maintaining good water quality conditions, stabilisation of lake bed 
sediments, and provision of habitat for epiphytic algae, invertebrates and fish (Schubert et al. 2018).   
OCC A3 was numerically dominated by salt tolerant cyanobacteria (blue green algae) and diatoms.  
Westside supported a richer and phylogenetically diverse phytoplankton flora than OCC A3, and 
cyanobacteria was not abundant.  Phytoplankton communities vary greatly over time (especially 
seasonally), therefore additional surveys would be required to characterise these assemblages.   
Diurnal dissolved oxygen measurements suggest that both lakes had low primary productivity.  Algae 
biomass and nutrient data suggest that both lakes were trending towards mesotrophic conditions 
(Table 1).  Increased nutrient concentrations (eg from cattle) could change the lakes into a eutrophic 
state, resulting in aquatic ecosystem stress (eg loss of stonewort beds) and potential human health 
hazards (e.g. blue green algae blooms).   

 

Indicator Units Westside OCC A3 
Chlorophyll a µg/L Range = 2.3-4.3; av. 3.7; n = 6 Range = 1.9-7.3; av. 

3.2; n = 6 

Total algae cell count Cell/mL Range = 1440-2520; av 1765; 
n = 6 

Range = 5710-18800; 
av. 10140; n = 6 

Dominant algae taxa N/A Diatoms > Chlorophyta > 
Cryptophyta and Dinoflagellata 

(n = 6) 

Cyanobacteria ≥ 
Diatoms (n = 6) 

No. of algae taxa Morpho-
species 

14 (n = 6) 18 (n = 6) 

Total P mg/L Range = <0.01-0.03; av. <0.01; 
n = 19 

Range = <0.05-0.06; 
av. <0.05; n = 18 

Filterable reactive P mg/L Range = <0.01; av. <0.01, n = 
19 

Range = <0.05; n = 18 

Total N mg/L Range = 0.1-3.1; av. 0.38; n = 
19 

Range = <0.5; n = 18 

Turbidity NTU Range = ~1 (<13 m); 5 (saline 
lens); n = 6 

Range = 1 (surface) -
12 (12 m); n = 6 

Diurnal dissolved 
oxygen range (0.2 m 

depth) 

% 
saturation  

100-107 97-109 

Depth where 1% of 
surface PAR was 

available 

metres 9 4.5 

TABLE 1 – Indicators of aquatic ecosystem trophic state of the two pit lakes 

 



 

149 

Westside supported a richer and more abundant aquatic macroinvertebrate assemblage than OCC 
A3 in both littoral edge and benthic habitats (Figure 1).  Both lakes were numerically dominated by 
pollution and salt tolerant taxa, however unlike OCC A3, salt sensitive taxa (based on Horrigan et al. 
2011) were also present at Westside.  The same invertebrate families numerically dominated both 
lakes. Salinity was likely the main stressor on aquatic macroinvertebrates in OCC A3, and the saline 
lens in deep sections of Westside.   

 

 
FIG 1 – Shade plot showing the most abundant taxa recorded in littoral habitat samples at OCC A3 

and Westside.  Scale is log abundance of taxa… 

Fish assemblages were species poor at both lakes.  Likely reasons include: (i) limited connectivity 
to source populations; (ii) the young age of Westside lake; and (iii) the high salinity of OCC A3, which 
was at the upper tolerance limit of fish species occurring here (Table 2).  Both lakes supported 
freshwater turtles and a wide range of bird species.   

Species Documented salinity tolerance* 
Rainbowfish 
Melanotaenia 

splendida1 

Wild populations recorded up to 15 g/L.  In aquaria, juveniles tolerate 
18 g/L (around half seawater) for 14 days, adults tolerate 35 g/L 

(seawater) for five days.   
Present study - adults recorded at 19 g/L 

Agassiz’s glassfish 
Ambassis agassizi1 

Family has marine affinities, with congeners occurring in the sea.  Wild 
populations recorded up to 15,102 µS/cm (~ 9600 g/L) 

Present study - adults recorded at 19 g/L 

Bony bream 
Nematalosa erebi1 

Recorded in salt lakes with hypersaline waters (around twice 
seawater) 

Present study - adults recorded at 19 g/L 

Eastern gambusia 
Gambusia holbrooki2 

Recorded in marine and hypersaline waters, but prefers waters <20 
g/L 2 

Present study - adults recorded at <1 g/L 
*salinity tolerance information from 1 = Pusey et al. (2004) and 2 = CABI (2019) 

TABLE 2 – Maximum recorded salinity values for fish species captured during this study 
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The pilot study demonstrated that both mine pit lakes provided local scale aquatic biodiversity values.  
These (and other) mine lakes provide permanent dry season refugia and feeding habitat for birds 
and other fauna.  Westside, which has gently sloping banks, good quality water and is connected to 
terrestrial forest, also provides watering points and habitat for a variety of terrestrial mammal, reptile, 
amphibian and bird species.   
Despite differences in water chemistry, geographic setting, age and physical properties, the two pit 
lakes shared several aquatic ecosystem features.  The most critical differences were the absence of 
salt sensitive aquatic species from the saline OCC A3, and the poor aquatic-terrestrial habitat 
connectivity and limited structural habitat of the unrehabilitated at OCC A3.  Closure management 
strategies that establish linkages between the lake and terrestrial environments, increase the extent 
of the productive littoral zone and introduce micro-habitat complexity can enhance aquatic 
ecosystem values, and the capacity of pit lakes to support a biodiversity-based beneficial use. 
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INTRODUCTION   
The Mangoola (Mangoola) Open Cut coal mine is located in the Upper Hunter Valley region 
of New South Wales. To date the site has rehabilitated 750 hectares since commencing mining 
in 2010. 
Mangoola undertakes progressive mine rehabilitation using a natural landform ecosystem 
restoration approach with native woodland and grasslands being re-established on reshaped 
overburden designed to blend seamlessly into the surrounding natural environment. 
Ecological communities being re-established are diverse, located in the topographic positions 
at which they would occur in the natural environment, and are complemented by substantial 
habitat features. 
Mangoola’s GeoFluv natural landform approach, believed to be a first in the local coal mining 
industry, is now being undertaken by other mines across Australia. Mangoola’s approach has 
evolved since 2011 and ongoing learnings are not only incorporated into daily planning on 
site, but actively being shared within Glencore, other mining companies, Government, the 
community and other industries to help promote and evolve rehabilitation practices. 

DISCUSSION  
Mangoola continues to use established fundamental practices to undertake rehabilitation 
activities on site. This strong focus on the basics has contributed to the quality of the 
rehabilitation being developed. These basic steps include: 

• Embedding the rehabilitation process in the mine planning process through an annual 
rehabilitation plan with quarterly dumping and shaping targets. 

• Using GPS guided dozers to shape overburden dumps in accordance with the GeoFluv 
natural landform model. 

• Conducting ecological pre-clearing surveys by staff ecologist to identify salvageable 
timber resources such as stag trees, ground timber and tree stumps; plants suitable for 
translocation; and weedy areas for treatment before stripping topsoil. 

• Undertaking stripping and direct placement of topsoil wherever possible. 

• Maintaining topsoil stockpile health through weed management and seeding with cover 
crops and Acacia species. 

• Collecting endemic seed from surrounding biodiversity offset areas and buffer lands, to 
ensure seed stock is well adapted to the local soil and climatic conditions. 

• Mulching of vegetation during clearing ahead of mining, incorporating mulch into the 
stripped topsoil. This results in a bulking factor greater than 100%, provides additional 
water holding capacity, nutrients, surface roughness and soil carbon. 

• Final trimming of shaped overburden with grader to facilitate more even spreading of 
100mm topsoil layer, thereby helping to conserve valuable topsoil resources. 
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• Ripping spread topsoil along contours into the shaped surface to reduce erosion 
potential and increase water infiltration capacity. 

• Installing salvaged timber resources as habitat structures including stag trees with 
hollows, peeling bark, splits and fissures. 

• Repositioning ground timber and tree stumps as habitat, including timber with ants, 
grubs, termites and fungi. 

• Constructing aquatic habitats comprising various shallow wetlands, dams with deep and 
shallow ends and chain of ponds structures with adjacent perching trees, ground timber 
and rocks to provide micro-habitats.  

• Installing an extensive track network throughout the rehabilitation areas to facilitate 
access for weed maintenance, monitoring and bushfire response. 

• Establishing species diversity across all structural forms through appropriate seed mix 
and propagation of recalcitrant or difficult to establish species via specialist native plant 
nurseries and tubestock plantings. 

Maintenance is one of the most critical factors in the success of rehabilitation. Mangoola has 
a planned strategy in which a freshly-seeded area receives at least three campaigns of weed 
management within the first two years of seeding: once in the first six months, once at 12 
months, then once again between 18-24 months. This is aimed at minimising early weed 
colonisation, thereby providing less competition for the emerging native seedlings and 
reducing the chances of the establishment of a viable long term weed seed bank. 
Similarly, early identification and repair of erosion areas is given high priority on site. The 
highest risk of erosion exists in early phase rehabilitation when vegetation coverage is low. If 
identification and treatment is undertaken early, the cost is relatively low and damage to the 
surrounding vegetation from the use of tracked equipment is only minor. If erosion areas are 
left to develop into deeper and wider gullies, with vegetation growing at the gully edges, repair 
costs and the associated surrounding vegetation damage can become quite substantial.  
Project approval requirements at Mangoola include the establishment of eight different 
vegetation communities in the rehabilitation. These communities are being seeded and 
supplemented with tubestock of species which would be found in the surrounding natural 
landscapes. A focus has been the continual development of flora composition and structural 
diversity within these different communities. This is being achieved by constant development 
of seed mixes and the seed collection program to include additional species found within the 
targeted vegetation communities. The aim is not only designed to achieve stated completion 
criteria, but also to enhance ecological function by attracting a wide variety of pollinators, 
invertebrates, birds, mammals and reptiles. A typical woodland seed mix now contains around 
60 different species with a composition of approximately 10% canopy, 20% shrub layer and 
70% native grasses, herbs and forbs. Across the site, over 206 individual native flora species 
have now been recorded. 
The flora species diversity, presence of ant and termite nests, fungi, wide variety of spiders 
and insects such as native bees, cicadas, butterflies and moths, together with extensive 
natural and constructed habitat features has created an environment in which native fauna is 
returning in significant numbers. During 2020, observational monitoring together with lure baits 
and remote cameras were deployed across the rehabilitation. Mammals observed included 
wombats, echidnas, brushtail possums, swamp wallabies, red-necked wallabies, eastern grey 
kangaroos and wallaroos. Reptiles include lace monitors, bearded dragons, geckos, brown 
snakes and turtles, together with over 70 different woodland bird species. The constructed 
wetland areas have provided habitat that has attracted large numbers of striped marsh, broad 
palmed and green tree frogs as well as a variety of molluscs and wetland birds. 
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Secondary succession of all canopy species and shrubs, persistent native ground cover, a 
gradual build-up of organic materials and drought resilience are all being observed and provide 
evidence of ecological restoration with self-sustaining vegetation communities. 
Ongoing innovation and sharing successes and learnings is an important part of the 
rehabilitation process. Mangoola regularly hosts visits with industry peers, consultants, 
university students, government representatives and other stakeholders in which ideas are 
shared and opportunities for continual improvement developed. 
Each mine site has unique characteristics and challenges and therefore need to target their 
rehabilitation approach to suit their circumstances. By focusing on proven fundamental 
principles in establishing rehabilitation, then following up with good land management 
practices, high quality rehabilitation outcomes can be achieved. Additionally, by striving for 
continual process improvement, high quality rehabilitation can maintain social licence to 
operate, reduce timeframes for relinquishment, and leave a positive environmental legacy 
post-mining.   
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INTRODUCTION  
Mine Planning culture has a history of maximising Net Present Value (NPV), with a steely focus on 
optimising resource conversion and reserve extraction without final lease relinquishment in mind. 
This culture was in part driven by a historical lack of industry account for sustainable site 
rehabilitation, with more than 50,000 abandoned mines in Australia that do not meet modern 
rehabilitation standards. The last decade has seen a rapid shift in focus within the industry for mine 
closure, driven by Regulators, local community expectations and the intensifying scrutiny of social 
media. This focus has seen typical final landform uses being challenged and social transitioning for 
sustainable circular economies tested.  
Historically, closure planning targeted the rehabilitation of disturbed areas back to its pre-defined or 
original landscape with fauna and flora species at pre-mining populations. With the advent of asset 
transitioning and circular economies, novel and sustainable post-mining land uses are being 
investigated and implemented, some examples include providing future ecological (Eco-system trial 
sites for Universities or Eco-tourism), socio-economic (re-skill, re-train and re-employ) and 
environmental (Wind, solar, hydrogen power generation etc.) benefits. 
With this paradigm shift, industry has developed integrated planning processes and systems 
throughout the lifecycle of the mine from what was known as “cradle to grave” to a perpetual “cradle 
to cradle”. The key change apart from planning for closure earlier in the lifecycle is the re-imagining 
of post closure land uses providing a transition of lease and/or assets into a resource for future 
generations (second cradle).  
The Integrated Closure Planning System (ICPS) developed by Anglo American (AA) is a system that 
combines the various mine planning regimes, internal and external requirements, financial 
considerations and systems from a people, process and technology perspective. Applied over the 
lifecycle of operations, it ensures AA operations optimise the use of their resources and leaves a 
positive and sustainable legacy for their host communities’ post-closure (Grant & Lacy, 2016). The 
ICPS was formed in 2014 to primarily support the Mine Closure Toolbox (MCT) which is a guidance 
document to support the AA Global Closure Technical Standard. The MCT was initially developed 
in 2007, an updated second version released in 2013 and a third version combining the ICPS and 
MCT was released in 2019 by Botha P.R. & Grant C.D.  
The MCT guidance consists of six tools; Strategic Planning, Rapid Assessment of Gaps, Closing the 
Gaps, Integration, Execution and Review and Continuous Improvement. The focus of planning 
integration and the value realisation centres on the Strategic Planning and Integration tools.  
Numerous case studies have been undertaken throughout the AA portfolio of assets, with integrated 
closure planning opportunities, eliminating risks or preventing value destruction being realised and 
generating value in excess of $US 200 M. On several occasions, it was found that great opportunities 
existed within the key perceived problem impacting closure at site and by removing the “blinkers” 
(perceived limitations) and challenging the status quo brought novel or breakthrough solutions and 
multi-disciplinary by-in. This multi-disciplinary by-in is as critical as the imbedding of closure planning 
into the processes and systems themselves. 
Challenges to undertaking this process arise in various ways, from production pressures and 
financial constraints (commodity pricing cycles) to pre-conceived (“that’s how it’s always been done 
here”) ideals and/or confined disciplinary thinking. In several cases, it was found that mine closure 
was indeed imbedded in planning processes, however not imbedded in the right planning horizon 
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(short to medium term versus resource development and Life-of-Asset). With best of intentions, this 
planning was reactive and was generating value destruction.   
Successful closure planning is fully integrated from resource development through to operational 
scheduling, with opportunities identified and executed within the operational phase. From 
experience, this can be achieved by ensuring closure and mine rehabilitation form part of the core 
business activities (Standards and Guidelines), Key Performance Indicators (KPI’s) assigned for 
senior site management (accountability) and all closure aspects/opportunities are included within the 
planning context documentation (inputs) and processes. 
From a systems perspective, the last five to ten years has provided a supporting wave of 
technological solutions in closure by mine design and planning software developers. With integrated 
closure planning software accurately and seamlessly talking to mine plans, scenario planning 
identifying the risk and reward become evidently clear. Closure planning system integration provides 
a step change away from a once reactive process to a strategy of “when” closure activities are to be 
executed.  
Through focus, ‘Closure’ can be made redundant as it will be fully integrated in the core business 
activities and Life-of-Asset planning process, being managed with the same operational rigour as 
any other discipline. 
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INTRODUCTION 
For mines in the semi-arid climate regions of South Africa, the effects of pedogenesis and long-term 
vegetation status on soil covers that are designed to reduce seepage impacts are poorly defined. 
Material properties and vegetation characteristics provide inputs into numerical models that predict 
the extent to which soil covers can mitigate seepage impacts. When predicting post-closure seepage 
impacts, model inputs should include long-term material properties that exist after cover aging and 
prolonged vegetation growth. The focus of this study was to obtain these long-term material 
properties and vegetation characteristics.  

CHARACTERISATION OF COVERS  
Material properties and vegetation characteristics of 14 soil covers were determined at rehabilitated 
coal mine residue facilities. The covers were constructed 18 to 26 years before the study.   
The occurrence and extent of cracks in the test pit profiles and root depth distribution were 
determined and elements that included erosion, cover surface conditions and vegetation cover were 
recorded at site. Infiltration tests using single- and double-ring infiltrometers and disk infiltrometers 
were conducted at the surface, in excavated cover layers and in underlying mine residue to 
determine in-field saturated and near-saturated hydraulic conductivities. Core- and disturbed 
samples were also collected for laboratory tests. The seasonal distribution of leaf area indices, as 
an indicator of potential plant transpiration, were determined. 
Water retention curves were determined for the intact core samples to account for the effect of bulk 
density. Particle size distribution and Atterberg limits were determined for the cover materials and 
mine residue. Soil organic carbon, pH, electrical conductivity (EC) and sulphate concentration of 
saturated paste extract was determined for samples collected at 100 mm cover depth intervals.  

PROPERTIES OF MATURE SOIL COVERS  
The covers were constructed from soil horizons with a massive to weak (with no clod or ped 
formation) soil structure. A low susceptibility for the development of desiccation cracks and 
associated preferential flow is expected for the slight to medium plasticity soils with a low 
swell/heave- and clay activity potential. This is confirmed by the massive soil structure observed for 
almost all cover layers.  
The soil texture according to the soil taxonomic classification system is fine sandy loam for monolithic 
covers, fine sandy loam and sandy clay loam for the growth media of store and release covers, and 
sandy clay loam to clay loam for the water retention layers. The soil texture according to the Unified 
Soil Classification System is silty sand (SM) for the monolithic covers and growth medium layers, 
and clayey sand (SC) and low plasticity clay (CL) for the water retention layers.  
Covers range from slightly to moderately compacted covers to very dense (highly compacted) covers 
with dry densities >1800 kg/m3. Root development for highly compacted covers was limited to 
between 70- and 200 mm depth, but in less compacted covers extended through the 0.5-1.2 m thick 
cover layers. Leaf area indices (LAIs) are lower for very densely compacted covers when compared 
to moderately dense covers.  
Isolated vertical cracks and thin cracks along compaction layer boundaries were observed in 
selected severely compacted covers. Some cracks extend through the cover or cover layer. No 
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cracks were observed in paired moderately compacted covers with similar cover material properties. 
It is hypothesised that the cracks have developed from volume change that may have occurred with 
stress release after significant compaction. While the natural material does not have structure and 
has a low potential for the development of cracks, compaction seems to promote the development 
of tension cracks over time.  
The saturated hydraulic conductivity (Ksat) determined from in-field infiltrometer tests exceeds the  
10-8 or 10-9 m/s design criteria for compacted clay layer of a hydraulic barrier cover for all the cover 
layers. Ksat determined from laboratory permeability test of samples remoulded to the dry densities 
of severely compacted cover layers does, however, meet the design criteria. It seems clear that low 
permeabilities that correspond to compaction of soils are temporary and higher long-term 
permeabilities should be expected.   
Differences in the dry bulk density of moderately-, highly- and severely compacted cover layers have 
the most significant effect on the properties of the water retention curve. Effective porosity and water 
storage capacity are considerably lower even though water retention properties, such as air entry, 
desaturation slope and residual moisture values are higher for the very dense cover layers.  
The distribution in pH, electro-conductivity and soluble sulphate concentrations (SO4) measured in 
the depth profile of the covers indicate that acidification and salinisation occurred in covers with 
highly compacted layers. A reduction in pH and increase in EC and SO4 occurred in the in the lower 
0.2-0.3 m section of the covers. The elevated EC of 150-500 mS/m-1 indicates that growth of 
sensitive vegetation can be affected. 

PREDICTING MATERIAL HYDRAULIC PROPERTIES 
Determining water retention curves and Ksat from in-field infiltrometer tests are time consuming and 
labour intensive. Pedo-transfer functions were developed to predict the air entry value, slope of 
desaturation and residual water content parameters of the water retention curve, and the in-field 
determined Ksat from readily available data from soil studies and literature values (for gravel, sand, 
silt, clay and soil organic matter content and dry density). The pedo-transfer functions were 
determined for slightly- and moderately dense cover layers and for very dense cover layers to 
represent the impact of compaction on material hydraulic properties for mature soil covers.   

CONCLUSIONS  
The study provides valuable data on likely long-term material properties and vegetation 
characteristics for source-pathway-receptor modelling of coal mine residue facilities. Pedo-transfer 
functions allow prediction of material hydraulic properties using readily available soils data for 
slightly- and moderately dense (compacted) covers or for very dense (highly compacted) mature 
covers.  
Study results also indicate that uncontrolled (shallow) compaction has a significant and permanent 
unfavourable effect on material hydraulic properties and vegetation characteristics. These factors 
are key to minimising cover percolation from rain and reducing seepage impacts.  
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INTRODUCTION 
Soil covers have become an integral component in land rehabilitation, closure and post-closure 
management of coal mine residue facilities in regions of South Africa with a semi-arid climate.  
Well-designed and constructed soil covers can provide a cost-effective, source-directed measure to 
mitigate seepage impacts with minimal ongoing active mine water management.   
The National Environmental Management Waste Act of South Africa provides opportunity to 
introduce risk-based assessment of soil covers as an option to mitigate seepage impacts for mine 
residue facilities. The onus is on the applicant to demonstrate that the overall performance of the soil 
cover option(s) will not exceed acceptable environmental limits, such as an Acceptable Water Quality 
Objective at a defined monitoring point.  

DEVELOPMENT OF THE GUIDELINE 
A technical guideline was developed to assist persons involved with the planning, design, 
construction, rehabilitation, post-closure maintenance and monitoring of soil covers in decision 
making processes. The guideline focusses on mitigating seepage impacts with mined land 
rehabilitation using appropriately designed and constructed soil covers to limit net percolation of rain, 
reduce oxygen diffusion into coal residue, limit acid- or saline rock drainage from the coal residue 
and to reduce the volume of excess mine-impacted water and seepage loads. 
The soil cover guideline was developed from various best practice guidelines, which include: 

• The series of Best Practice Guidelines for Water Resource Protection in the South African 
Mining  Industry; most notably the guidelines on impact prediction, water management 
aspects for mine closure, surface mines and mine residue deposits, pollution prevention or 
minimisation of  pollution impacts, and integrated mine water management. 

• A recently published (2019) Guideline on Land Rehabilitation for Surface Coal Mines includes    
good practices for soil stripping, stockpiling, placement, and amelioration; revegetation; 
erosion and landform design; post-closure land-management, monitoring of rehabilitation 
success  and for site relinquishment. 

• International best practice guidelines that focus on the use, design, construction, care, and 
monitoring of soil covers.  

The guideline aims to integrate important aspects not addressed in existing South African guidelines 
into a new guideline for soil covers that includes analysis of cover functions that minimise rain 
percolation, reduce oxygen diffusion into mine residue and mitigate seepage impacts. 
Development of the soil covers guideline facilitates the integration of the Guidelines for Water 
Resource Protection in the South African Mining Industry and the Land Rehabilitation Guideline for 
Surface Coal Mines in South Africa. The guideline was developed specifically for coal residue 
facilities and biophysical conditions found in the semi-arid climate regions of South Africa, and within 
the context of the South African regulatory environment. 
The guideline provides processes for defining cover performance objectives and criteria and 
conducting qualitative (screening-level) risk assessment to determine potentially viable cover options 
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based on inter alia site-available cover material volumes and the mine residue geochemical risk 
profile, site and materials characterisation for model input, unsaturated flow- and oxygen diffusion 
modelling to optimise cover designs, cover construction quality control, and cover integrity and 
performance monitoring.  
The cover design- and monitoring components of the soil cover guideline rely considerably on risk 
analysis and optimisation of cover performance, which follows the risk-based design- and Source-
Pathway-Receptor impact prediction approaches to mitigate seepage impacts and risks. The 
guideline discusses the application of a suite of numerical models on unsaturated flow, oxygen 
diffusion and sulphide oxidation, geochemical reactive, pit water- and salt balance and 
geohydrological to conduct a risk-based analyses and prediction of soil cover option(s) to mitigate 
seepage impacts to defined performance criteria.  

STRUCTURE OF THE GUIDELINE 
This guideline has been structured with progressive levels of decision-making information, organised 
as “tiers”. The three tiers are spilt for easy and focussed use of the guideline. 
Tier 1: Introduction to guideline, which describes the use of soil covers as a measure to mitigate 
seepage impacts from coal mine residue facilities as part of mine land rehabilitation. This section 
includes a summary of cover types, their characteristics, and applications in the semi-arid climate of 
South Africa. Discussions include the importance of designing resilient covers; regulations and 
regulatory requirements with a specific focus on the intent and context of the soil cover guideline. 
Important concepts discussed include risk-based design- and Source-Pathway-Receptor risk-based 
modelling approaches and the application of Acceptable Environmental Limits/Targets as criteria for 
soil cover design and performance monitoring for site relinquishment. 
Tier 2: Decision Support Procedures that provides a high-level overview of decision-making process, 
and the elements of the various stages of planning, design, construction, maintenance and 
monitoring of soil covers. Design processes are summarised in decision support trees with short 
summaries (paragraph) of each design step.  
Tier 3: Good practices for the decision-making process of the planning, design, construction, care 
and monitoring stages of soil covers typically include information on objectives, procedures, 
sampling, tests, analyses, numerical modelling, assessments, cover design optimisation, monitoring, 
and criteria on soil covers to mitigate seepage impacts.  

CONCLUSION 
This technical guideline provides the opportunity for planners to develop cost-efficient and 
environmentally acceptable covers for coal mine residue facilities for the semi-arid climate regions 
of South Africa. Implementation of the guideline can provide information on the probability that 
acceptable environmental targets can be met and a quantitative prediction of the extent for treatment 
that may be required for mine-impacted water seepage to prevent impacts that may not be mitigated 
by rehabilitation. This information will provide important input to the quantification and costing of 
mine closure liabilities from seepage impacts and management of mine-impacted water as required 
by the financial provision legislation in South Africa and allows the analysis of the costs and benefits 
of mitigating seepage impacts through rehabilitation based on different strategies of soil-cover design 
and construction. 
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INTRODUCTION  
The Queensland Government has amended the Environmental Protection Act 1994 (the EP Act) to 
require mining companies to plan for and undertake progressive rehabilitation in accordance with a 
Progressive Rehabilitation and Closure Plan (PRCP). The PRCP comprises a planning part which 
sets out the technical justification for the rehabilitation and a PRCP schedule which documents the 
milestones, criteria and timeframes necessary to achieve a specific post mine land use.  
The new framework encourages progressive rehabilitation by clarifying agreed expectations and 
defining methods for ensuring and measuring success. Existing mines are being transitioned to the 
new PRCP framework. This poses unique challenges as sites plan how to achieve their current 
rehabilitation strategies or decide to alter the final outcomes.  
During the transition phase which commenced in 2019, existing holders of a relevant Environmental 
Authority (EA) will be directed to prepare a PRCP. Many EAs contain very clear criteria and outcomes 
for the final rehabilitation. However, additional work is commonly required to identify earlier stages 
of progressive rehabilitation and develop relevant criteria for measuring success. 
This paper focusses on the transition process and some important lessons that have been learned 
to date. 

THE TRANSITION PROCESS 
The Queensland Government is focussed on early and informative engagement to ensure each EA 
holder understands the new PRCP framework and how it applies to their mine. The Department of 
Environment and Science published a statutory guideline (Queensland Government, 2019) to assist 
EA holders to develop their PRCPs. Prior to initial discussions, the Department provides EA holders 
with a checklist that identifies various technical studies and information necessary to prepare a 
PRCP.  
The amount of information required depends on site-specific circumstances. Sites may need 
information that has not previously been developed. Performing an early gap analysis will assist EA 
holders to understand timeframes and resources needed to develop a PRCP.  
A key component of the rehabilitation reforms is that they are not retrospective and existing 
approvals will be maintained. A hierarchy of documents, known as land outcome documents, has 
been defined in the EP Act. EA holders can transition previously approved outcomes and 
rehabilitation criteria from these documents into their PRCP schedule. When pre-approved 
outcomes are transitioned into a PRCP schedule, some of the information and notification 
requirements necessary for a new site will not apply.  
The Queensland Government will issue a transition notice to each mining EA holder. The notice will 
state the date by which a proposed PRCP must be submitted. Prior to being issued a transition 
notice, sites will be contacted to commence pre-transition discussions. 
Following receipt of a transition notice, EA holders will commence preparing a proposed PRCP. It is 
important to clarify any areas of concern prior to submission as there are limited options available 
for re-submission of plans which do not meet legislated requirements.  
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Proposed PRCPs must be submitted in the approved form. This applies to the application, the PRCP 
rehabilitation planning part, spatial data and the PRCP schedule. Guidance materials are available 
to support plan development and submission.  
A description of rehabilitation works already completed on the site must be included in the proposed 
plan.  
Community consultation that focusses on stakeholder expectations regarding post-mining land uses 
and landforms is also required. For transitional sites the focus is on demonstrating what consultation 
has happened and what is planned for the future. 

WHAT WE HAVE LEARNT SO FAR 

Mine planning and design for closure 
The PRCP framework requires sites to proactively design for closure. This requires mines to consider 
the location of mine features and infrastructure to ensure options for future rehabilitation are not 
limited or delayed by land being unavailable. Two new concepts apply – available for rehabilitation 
and available for improvement. The PRCP schedule must demonstrate that rehabilitation milestones 
commence as soon as practicable after land becomes available for rehabilitation and, where 
applicable, management milestones commence within a reasonable period after the land becomes 
available for improvement.  
Hence, mine planning is necessary to ensure early identification and characterisation of materials 
needed for rehabilitation activities so that compliance with statutory milestones is achieved and 
successful rehabilitation outcomes are accomplished.  
There are challenges associated with converting long term projections into statutory approved 
timeframes. Regardless of the mine life expectancy, the PRCP framework is prescriptive with 
regards to the level of detail required. Factors such as site-specific limitations, risk profiles, historical 
approvals and approaches to rehabilitation and site complexity are considered during pre-lodgement 
consultation.  
When developing the proposed PRCP schedule, EA holders are encouraged to carefully consider 
milestones and associated completion dates. If rehabilitation milestones are affected by mine plan 
changes EA holders can apply to amend their schedule.  

Pre-approved land outcomes 
The EA is the primary land outcome document and the prevailing document where conflict exists 
regarding previously approved land outcomes. Site specific mines required to transition into the 
PRCP framework cover a number of resource industries, represent a variety of historical and 
contemporary approvals, site complexity and risk profiles. Consequently, determining what 
documents constitute a land outcome document and how these can be interpreted to identify pre-
approved outcomes is unique to each site.  
There is a great deal of variation across the spectrum of EAs and other land outcome documents. 
Careful consideration of each land outcome document in the context of the land outcome documents 
hierarchy is a critical part of transition. Outcomes for residual voids, in particular, must be carefully 
considered as these are the most common form of non-use management area and are often 
challenging to rehabilitate to a stable condition. Early engagement and discussion around void 
outcomes is encouraged.   

Technical studies and detailed designs 
The Guideline details technical information considered necessary to justify the proposed PRCP 
schedule and recognises that not all information requirements are relevant to every site. Landform 
design, flood susceptibility, flood modelling for residual voids on flood plains, waste characterisation, 
cover design and hydrogeology are regular topics during pre-lodgement consultation.  
For some mine features and infrastructure, detailed design plans may not be available. For example, 
final watercourse diversion design is often determined towards end of mine life when temporary 
diversions are converted or relocated to their final position. In such instances, it is expected that 
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milestone criteria in the PRCP schedule will require construction and certification in accordance with 
detailed design plans without having those final design plans presented in the proposed PRCP.  For 
other landforms, such as waste rock emplacements (not yet constructed) it may be more appropriate 
for detailed design to be provided with the proposed PRCP to ensure landforms are constructed at 
the outset to meet stability criteria and minimise risks associated with reshaping failed landforms.   

Expected timeframes for rehabilitation milestones 
In the PRCP schedule, the final rehabilitation milestone of a post-mining land use requires stable 
condition of the land and this must be demonstrated prior to surrender. Stable condition of the land 
is defined as being safe and structurally stable, no environmental harm being caused by anything 
on or in the land and the land can sustain a post-mining land use. Therefore, EA holders must 
consider, develop and justify their proposed final rehabilitation criteria with sufficient detail and allow 
sufficient time to establish that a stable condition has been achieved.  

How to develop a Rehabilitation Milestone and supporting criteria 
The PRCP framework now requires EA holders to develop time-based milestones for achieving the 
final land outcome. Milestones and their supporting criteria are legally enforceable commitments 
once the PRCP schedule is approved. Therefore, it is essential that milestones be written in a 
manner consistent with SMART principles, i.e. they are: 

• Specific—it is clear what must be done 

• Measurable—it must be possible to know when it has been achieved 

• Achievable—it is capable of being achieved 

• Reasonable/relevant—there is a clear connection between the milestone and the desired 
outcomes. The requirement is reasonable 

• Time specific – it is clear when the milestone will be completed  
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INTRODUCTION.  
Post mining landforms consist of unconsolidated waste which can be highly erodible. In such 
structures of loosely bonded material, rill erosion and gully erosion are major issues which leads to 
degradation of the landform. To ensure long term stability and sustainability, these landforms need 
to be designed to minimise rilling and gulling (Hilson and Murck, 2000, Jenkins and Yakovleva, 2006, 
Supervising Scientist, 2018). Over the years various landform evolution models has been used to 
predict the evolution of such landforms and identify areas prone for gully erosion (Moliere et al., 
2002, Hancock et al., 2000, Hancock et al., 2019, Hancock et al., 2015). Although these endeavours 
have met with good success most of these models do not account for changes in surface properties 
(particle size distribution) of these structures during their evolution. Here we demonstrate the 
capabilities of the State Space Soil Production and Assessment Model (SSSPAM) in simulating gully 
erosion on a post-mining landform. SSSPAM (Welivitiya, 2017, Welivitiya et al., 2018, Welivitiya et 
al., 2016) is a coupled soilscape- landform evolution model capable of simulating fluvial erosion and 
armouring, diffusive erosion (surface), sediment deposition, and weathering within the soil profile. 
SSSPAM was specifically developed to incorporate the evolution of the soil profile in combination 
with landform evolution and for this reason it is more suitable for simulating unconsolidated structures 
such as post-mining landforms. In this study we used a digital elevation model derived from LIDAR 
survey of a working coal mine waste rock dump to represent the initial landform, calibrated model 
parameters and daily rainfall data form a nearby weather station to predict the initiation, growth and 
stabilization of gullies. The results show that SSSPAM is able to predict the position and general 
geomorphic characteristics of the gullies observed on the landform. In addition to the results 
presented here SSSPAM can also be used to investigate the impact of various factors influencing 
post-mining landform evolution such as land surface properties (particle size distribution), 
weathering of material and vegetation cover.  

MATERIALS AND METHODS. 
In order to simulate the gully formation and evolution of the post mining landform a digital elevation 
model (DEM) of the pre-existing original landform is required. An approximate initial landform was 
derived by removing the Lidar data point information associated with gullies and developing a DEM 
by interpolation using the redacted LiDAR data. Using the original LiDAR data set the DEM for the 
current landform was also derived for purpose of results comparison. 
A flume filled with material collected from the study site was used to measure runoff and erosion 
rates at different discharge rates and slopes. Using the sediment transport equation of SSSPAM, a 
series of Monte Carlo trials were conducted to find the best parameter set which closely matches 
the flume runoff/erosion data. A particle size analysis was also done for the sample material to 
generate the particle size distribution (PSD) of the sample material which is needed to run SSSPAM.  
The age of the post mining landform was 6 years. To represent the climate and climatic variability 
during gully evolution, the daily rainfall data from a Bureau of Meteorology weather station 
(www.bom.gov.au) nearby. 
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Using the approximated initial landform, calibrated SSSAPM parameters, the PSD of the sample and 
the daily rainfall data as inputs, SSSPAM was run to simulate the evolution of the landform for 6 
years with daily time steps. The resulting DEM after the 6 years of SSSAPM simulated evolution was 
compared with the original unaltered DEM to assess SSSPAM’s accuracy.     

RESULTS AND DISCUSSION. 
FIG 9 represents a comparison of geomorphologies of naturally formed gullies and SSSPAM 
simulated gullies on the post mining landform. As evident from FIG 9 the relative positions of the 
main gullies seen in the Arial photograph of the study area (FIG 9(a)) is remarkably similar to the 
simulated gullies produced by SSSPAM (FIG 9(b)). The erosion and deposition plots shown in FIG 
9 (c) and (d), represent the elevation difference between original DEM, DEM of the SSSPAM 
simulated landform after 6 years and approximated initial DEM. They show that the erosion and 
deposition predicted by SSSPAM matches well with the natural environment both quantitatively (with 
respect to erosion depths and deposition heights) and qualitatively (spatial distribution of erosion 
and deposition regions). In addition to the main three gullies, a number of smaller gullies (rills) can 
be observed in both the Arial photograph and the simulated landform. The minor gully density 
(number of gullies) in the original landform and the simulated landform is also very similar.    

 
FIG 9-Arial photographic image of study site (a), plan view of simulated SSSPAM gullies of the 

study site (b), erosion and deposition plots of study site, natural gullies (c) and SSSPAM simulated 
gullies (d). 

To further analyse the geomorphology of the gullies produced by SSSPAM simulations, cross-
sections of the landform along the hillslope was plotted (FIG 10). The original landform surface and 
the approximated initial landform surface was also plotted in the same diagram for ease of 
comparison. As evident from the FIG 10, the form of the gullies with respect to the depth and width 
produced by SSSPAM closely matches that of the natural landform. In most cases the position of 
the simulated gully incision is identical to the natural gully incisions while there is a slight offset in 
other times. This offset of the gully position can be attributed to the uncertainty of the geomorphology 
of the initial landform used in this study.    
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FIG 10- Cross-sections of approximated initial surface, original unaltered landform surface and 
SSSPAM simulated surface after 6 years at different positions of the hillslope at study site (from 

top to bottom). 
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CONCLUSIONS 
In this paper we introduce the SSSPAM soilscape-landform evolution model as a viable tool for 
analysing the evolution of post mining landforms and introduce methods of initial data and parameter 
generation required by the model. The location and the geomorphology of the gullies predicted by 
SSSPAM is remarkably similar to the gullies observed on the post mining landform. Results show 
that SSSPAM is capable of accurately simulating short term gully formation and evolution of a highly 
erodible post mining landform.  
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INTRODUCTION   
Landscape degradation as a result of mining presents environmental and financial challenges. As of 
2018 there were approximately 400 operating mine sites in Australia (Britt et al. 2019) that will require 
rehabilitation. Inadequate rehabilitation could result in long-term environmental and social impacts, 
including loss of ecological services and arable land. Regulatory and reporting requirements exist 
under the Mining Act 1992 (NSW) to ensure adequate funding for mine site rehabilitation.   
Capping of mineral tailings using semi-pervious systems is a cost-effective strategy that can lower 
the cost of mine site rehabilitation. Phytocapping is the establishment of a successful vegetative 
cover sustained by the capping material which must contain essential nutrients. Additionally, the 
introduced vegetation should be able to tolerate metal rich conditions, poor soil structure and 
impaired soil-microbe communities.   
There is increased interest in using mixed-waste organic-outputs (MWOO) as a soil additive to 
maintain viable phytocapping cover. The use of MWOO has been shown to support the revegetation 
of impacted soils by increasing soil organic content and nutrients (Kavitha & Subramanian 2007; 
Carabassa et al. 2020). However, the use of MWOO is novel and there are significant knowledge 
gaps. While benefits have been reported, there are concerns over long-term effectiveness and the 
potential of containing trace-levels of heavy metals among other contaminants in MWOO (Cattle et 
al. 2020). In view of existing concerns, the use of MWOO as a phytocapping substrate requires 
careful consideration to ensure successful application.   
To provide information on the application of MWOO for mine site rehabilitation, we conducted a 
glasshouse study using industrial hemp (Cannabis sativa L.) a fast-growing crop as a model plant to 
examine the response to MWOO. Hemp plants were cultivated in rhizo-cylinders to observe root 
behaviour and determine whether MWOO is conductive of plant growth.   

MATERIALS AND METHODS   
Cannabis sativa L. Chinese variety Han were used for experimentation. Two-week old hemp 
seedlings were transplanted into clear tubes referred as rhizo-cylinders (27cm in height and 7cm in 
diameter). Each rhizo-cylinder was filled with 715 g of MWOO, sourced from a mechanical biological 
treatment facility located at the Woodlawn Eco-precinct Tarago, NSW. The mature MWOO contained 
756 ± 97 µg g-1 Zn and 146 ± 24 µg-1 Pb.   
The performance of hemp plants was evaluated under 3 different treatments consisting of: 1) potting 
mix treated with 25% Hoagland solution as the control; 2) untreated-MWOO; and 3) MWOO treated 
with 25% Hoagland solution referred as treated-MWOO. Commercially available potting mix 
containing 30-40% sand acted as the control. Hemp plants were cultivated in the glasshouse with 
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24°C days and 15°C nights, and 13h/11h light dark period per day. Natural light was supplemented 
with artificial light maintaining constant photon flux density of 498 ± 3µmol s-1 m-2. An automated 
irrigation system delivered 40-45 mL of tap-water per plant/day. Every seven days plants were 
watered with 100 mL of 25% Hoagland solution or 100mL of tap-water. Each treatment consisted of 
9 replicates.    
Relative stem growth, total chlorophyll content (atLEAF+, USA) and leaf transpiration (Leaf 
porometer, Decagon, USA) were measured as indicators of performance and metal stress. Harvest 
occurred at 4-weeks of treatment. Plants were washed and dissected into roots, stems and leaves. 
Oven-dried tissues were ground, and acid digested followed by elemental analysis using ICP-MS 
(Perkin Elmer NexION 300D). Statistical tests were conducted in SigmaPlot (v.14, USA). A parallel 
line analysis was employed to determine significant differences regarding relative stem growth rates. 
For significant differences in metal concentrations between treatments, a one-way analysis of 
variance (ANOVA) was performed.  

RESULTS  
Hemp plants developed vigorously in MWOO and showed no visual symptoms of metal stress 
(Figure 1A-C). Chlorophyll analysis confirmed the treated-MWOO produced twice as much 
chlorophyll relative to the control with 39.8 ± 1.1 µg cm-2 and 22.9 ± 1.2 µg cm-2, respectively. Leaf 
transpiration analysis showed control plants transpired 599.2 ± 45.7 mmol m-1 s-2, untreated-MWOO 
plants 729.3 ± 54 mmol m-1 s-2 and treated-MWOO plants 600.5 ± 71.6 mmol m-1 s-2. Rhizo-cylinder 
analysis showed roots in MWOO treatments developed more vigorous relative to control (Figure 1D).        

 
FIG 1- Hemp plants cultivated in potting mix and mixed-waste organic output (MWOO) proposed 
as tailings capping material. Aerial view of representative 6-week old Cannabis sativa L. plants in 
rhizo-cylinders growing in (A) control supplemented with 25% Hoagland’s solution, (B) untreated-
MWOO, (C) treated MWOO with 25% Hoagland’s solution and (D) corresponding rhizo-cylinder 
treatments. Numbers on rhizo-cylinders indicate the progression in days of the first visible root 

down to the substrate profile.  

Untreated-MWOO grew the tallest plant reaching a mean stem height of 489.3 ± 55 mm, followed 
by treated-MWOO with a mean stem height of 467.8 ± 49 mm and control plants with a mean stem 
height of 120.9 ± 7.8 mm (Figure 2A). There was a statistically significant difference in stem growth 
rates between MWOO treatments and the control (p ≤ 0.0001) (Figure 2B).   
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FIG 2 - Stem height as indicator of plant performance. Mean stem height ± SE in millimetres of 9 
replicates were measured at regular time intervals throughout the experiment (A). A parallel line 

analysis found both MWOO treatments were statistically significantly different to the control 
regarding stem elongation rate (p ≤ 0.05) (B).   

Hemp cultivated in treated-MWOO accumulated the highest Zn and Pb concentrations in roots 
followed by untreated-MWOO and the control (Table 1). Zinc and Pb in stem were relatively low 
compared to leaves across all treatments, suggesting stem is a transient tissue. Leaf Zn and Pb 
concentrations were similar across all treatments.  

  
TABLE 1 - Zinc and Lead concentrations in tissues of Cannabis sativa L. cultivated in potting mix 

treated with 25% Hoagland solution as the control, untreated mixed-waste organicoutputs (MWOO) 
and treated-MWOO with 25% Hoagland solution. Values are means ± SE, n = 9.  

 
Treatments  Leaf  Stem  Root  
    Zn (µg/g)    

Different letters indicate statistically significant differences determined by one-way ANOVA (p ≤  
0.05, Tukey’s test) for differences in tissue Zn and Pb concentrations between treatments.  

DISCUSSION   
We demonstrate that MWOO as an alternative substrate for tailings capping is suitable for cultivation 
of fast-growing crops such as hemp without the need for excess fertilisation. The high levels of 
nutrients and contaminants present in MWOO can prevent the establishment and survival of native 
grasses and trees (Wilson et al. 2018). The natural ability of hemp to tolerate metal rich conditions 

Control   6.33 ± 0.628   4.361 ± 0.391 (a)  22.791 ± 1.889 (b)  

Untreated-MWOO  5.970 ± 0.770   1.720 ± 0.179 (b)  57.920 ± 9.298 (a)  

Treated-MWOO  4.901 ± 0.374   1.962 ± 0.091 (b)  75.041 ± 3.985 (a)  

     Pb (µg/g)    

Control  0.045 ± 0.013   0.018 ± 0.002 (b)  0.1460 ± 0.008 (b)  

Untreated-MWOO  0.067 ± 0.008   0.045 ± 0.004 (a)  12.028 ± 2.027 (a)  

Treated-MWOO  0.043 ± 0.007    

  0.051 ± 0.008 (a)   17.553 ± 0.757 (a)   
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enhances its potential for the stabilisation of tailings using alternative capping materials such as 
MWOO. Furthermore, the accumulation of Zn and Pb in hemp roots (Table 1) indicates metal 
sequestration in roots, which is ideal for phytostabilisation of bioavailable metals. This finding is 
consistent with previous Zn-toxicity studies with hemp in solution culture (Beggs 2018). While the 
current study clearly indicates the potential of MWOO to support hemp growth, further investigation 
is needed to investigate the long-term effect of MWOO under field conditions.   
We believe this is the first report on cultivating hemp in MWOO for phytocapping of tailings. Hemp 
is a high value multipurpose crop, therefore its production on capped tailings with limited requirement 
for fertilisers is a promising approach for adding value through mine site rehabilitation. The US hemp 
market is projected to grow from USD $4.6 billion in 2019 to USD $26.6bn by 2025 (Industrial Hemp 
Market – Global Forecast to 2025, 2019). The Australian hemp market is also expected to expand 
at equivalent rate. Therefore, integration of this agribusiness in mine site rehabilitation could 
contribute to the local economy after mine closure. Such strategies may also offset some of the cost 
associated with rehabilitation.   
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INTRODUCTION 
In formulating a national strategy for geotourism development, the Australian Geoscience Council 
Inc (AGC) has consulted with both the Heritage Committee and the Society of Social and 
Environment (The Society) of The AusIMM to determine how best the development 
of geotourism throughout Australia can enhance the scope of regional development of mining areas 
during current mining activities and after mine closure. Geotourism adds considerable holistic 
content value to traditional nature-based tourism as well as cultural attributes (embracing both 
Aboriginal and post European settlement) having regard to mining aspects and can be delivered 
through mechanisms such as geotrails and geoparks within defined ‘GeoRegions’. 
Employment benefits through the adoption of a strategy to support and promote geotourism include 
the following, all of which have the potential to significantly improve Aboriginal employment, and 
more broadly, regional employment. 

• New domestic employment and consulting opportunities for natural/cultural heritage 
 professionals – design of interpretation signage/boards, design of geotrails etc. 

• Management roles in geoparks and mining parks, regional development, and local 
 government agencies. 

• Flow-on employment in tour operations and townships resulting from increased tourism 
 visitation. 

Societal benefits for local communities include the following. 

• A mechanism for celebrating and raising awareness of mining heritage, past and  present. 

• An opportunity to enhance community engagement and build value into ‘Social Licence’ 
 considerations. 

• By celebrating geological heritage, and in connection with all other aspects of the  area’s 
 natural and cultural heritage (and most significantly, Aboriginal heritage),  geotourism 
enhances awareness and understanding of key issues facing society, such as using our 
Earth’s resources sustainably. 

• By raising awareness of the importance of the area’s geological heritage in society  today, 
geotourism gives local people a sense of pride in their region and strengthens their 
 identification with the area. 

Having regard to these benefits, the National Geotourism Strategy embraces seven strategic goals 
that includes (Goal 5) i.e., ‘to develop geotourism in regional mining communities with potential 
geoheritage and cultural heritage sites’. 
The AGC has considered that Goal 5, where it is applied for mining activity, can be developed 
through collaboration between member professional societies and organisations researching mining 
and resource industry heritage. These include mining companies, geological and mining museums 
(e.g., the Australian Fossil and Minerals Museum, Bathurst) and historical societies (e.g., the 
Australasian Mining History Association (AMHA) and the Eastern Goldfields Historical Society Inc., 
Boulder, Western Australia). Aboriginal cultural elements and landscapes cut across widely 
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accepted, post-settlement landforms and landmarks, and have values specific to various groups and 
individuals.  Therefore, there is potential to incorporate and/or communicate (with permission or via 
collaboration) creation stories and narratives of landscapes and features through geotourism.  
In formulating a national strategy for geotourism development, the Society has identified several 
topics which could form the basis for incorporating this aspiration into Goal 5. 
One topic relates to the consequences of mine closure. The current emphasis is on environmental 
remediation (make safe, stable, and non-polluting). This needs to be broadened to preserve the 
mining heritage including gossans and other geologically significant exposures, structures (e.g., 
buildings, workings, and equipment) and other artifacts (e.g., mining and personnel records). The 
geotourism potential of conserving these assets should be regarded as important as cultural heritage 
assets are for new developments.  
To date, the Heritage Committee and the Earth Sciences History Group of the Geological Society of 
Australia have agreed to collaborate with the AMHA in the organisation of future annual conferences. 
Recently, AusIMM representatives have also participated in workshops associated with a formative 
Central West NSW geotrail project being developed by Country & Outback Destination NSW. These 
activities will certainly serve to heighten awareness that existing mining operations and mining 
heritage sites can be included in future tourism products. 
Current notable overseas examples of heritage-rich mine-sites (e.g., the Black Country UNESCO 
Global Geopark in the UK and the Baia Mare Geological and Mining Park in Romania) where 
geotourism delivery mechanisms have been applied. In addition, the Chinese regime of over 70 
national mining parks (e.g., the Changyu Dongtian National Mineral Mountain Park) and the 
Jinguashi Gold Ecological Park in Taiwan are also worthy exemplars.  
Australian examples of past (e.g., the Murchison Region of Western Australia) and present mining 
areas (e.g., Kalgoorlie Boulder, Mt Isa and the Central Highlands of Queensland, Cobar and the 
Hunter Valley of NSW, and Queenstown, Tasmania) represent opportunities that can be 
incorporated into tourism products with consequential beneficial impacts on local communities. A 
national mining park has been proposed for the Hunter Valley to celebrate the significant role mining 
has played in Australia’s development, since the first coal mining in Australia by Europeans 
commencing near Nobbys Head in Newcastle in the 1790s, and by Aboriginal people (on a small 
scale) prior to European arrival. 
This iconic ‘park’ could embrace the region including mining and mining purposes lands from the 
Port of Newcastle and the Lower Hunter, to Cessnock and through to the Upper Hunter, and be 
nurtured within a regional, collaborative, multi-land use strategy that will provide for specified 
development within rehabilitated mined areas which could include the following. 

• Native flora and fauna habitat conservation – all connected through existing and proposed 
corridors. 

• ‘Soft adventure’ recreation. 

• Coal mining heritage sites including buildings and mining equipment, geosites and geotrails. 

• Areas set aside for renewable energy generation (solar arrays, wind farms, biomass 
production) as recently foreshadowed by the NSW Government’s commitment to transform the 
Hunter Region from coal-dependence to a hub of new renewable energy and storage projects. 

• Areas set aside for light industrial sites for ‘value adding’ manufacturing. 

• Engagement with the six strategic hubs of the Strategic Aboriginal Culture and Enterprise 
Scheme of the Wonnarua Nation Aboriginal Corporation. 

As one key outcome, it is proposed that the strategy delivers a geotourism destination of global 
significance complementing the outstanding ‘wine tourism’ and other natural heritage attributes of 
the iconic Hunter Valley. Significantly, Bulga Coal (a Glencore operated mine) has recently 
established the Wollombi Brook Conservation Agreement Area (WBCA) in collaboration with the 
Wonnarua peoples, in which facilities are being established for Aboriginal cultural interpretation and 
community recreation.  The WBCA is just one of several biodiversity and Aboriginal heritage, offset 
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properties that can be made accessible to the community for recreation and that are managed under 
comprehensive biodiversity, conservation, and Aboriginal cultural heritage management plans. 
Another topic relates to the identification within The AusIMM of cultural heritage management 
professionals who will be in the ‘front line’ of developing and managing geotourism activities on sites 
with geoheritage significance. This issue also falls within Goal 4 of the National Geotourism Strategy. 
The recent government sanctioned, Rio Tinto Juukan Caves incident in the Pilbara of Western 
Australia serves to highlight the shared interest of geoscientists in respecting the Aboriginal cultural 
heritage of geosites, an issue that could be avoided in the future with appropriate representatives in 
the different stakeholder agencies.  Rio Tinto also has interests in rehabilitating the Argyle diamond 
(WA) and Ranger uranium (NT) mine sites where ongoing interaction with impacted communities is 
required. 
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INTRODUCTION  
As the mining industry progresses through the 4th industrial revolution, a critical problem facing mine 
operators is understanding the value of new and emerging technologies across the mining value 
chain, for both active operations and closed sites and determining which will deliver the greatest 
impact in terms of both financial and suitability value drivers. The use of techno-economic models 
(models that simulate operating realities and constraints and connect those with impact drivers) as 
a form of operational twin is an innovative approach to understand and build the business case for 
these new technologies and understand their impact on operating, sustainability and financial 
measures. This method of analysis facilitates a thorough understanding of how we create 
sustainable operations that deliver value to communities both during and after operation.  In all 
cases, emergent technologies are studied for their impact on productivity, safety, cost (CAPEX, 
OPEX and NPV) and sustainability (i.e. greenhouse gas emissions and energy consumption) to 
inform the creation of multi-horizon technology roadmaps and business cases that both executive 
and mine operators understand and respect.  
Working together with three global tier 1 diversified mining companies, we have developed three 
different types of techno-economic models to understand operational and market impacts.  A “full 
level” mine model was built to de-bottleneck an existing underground operation which was facing 
closure.  A “prototype” model was built to assess provisions and develop an optimal roadmap to 
sustainable site closure and post-closure outcomes for a group of closing and closed sites.  A 
“portfolio” wide energy and GHG planning model of the entire company value chain, from mine to 
customer, was built to address market requirements at the CEO level for commitments to carbon 
reduction.   
The process for developing these models is to first Diagnose the Present, whether in an operating 
mine, a closed site or within a portfolio of businesses.  We then Futurecast the operating business 
models, which combines working with operators to help them think about what is possible in the 
future while scanning for technologies within other industries as well as mining that could address 
the issues.  We then design the Techno-economics to discover where the bottlenecks and pain 
points are. With this we can we build the right clusters of technology and the optimal technology 
roadmap to the future with a common dashboard for operators and executives to use for 
communication and understanding. 
In the case of the underground mine, the technology suites modelled led to an improvement in NPV 
from $500 Million to $2.7 Billion of net present value while requiring an increase in CAPEX of only 
5%.  This was achieved through mine redesign in response to the suite of technologies applied.  
Instead of making a decision to close, this mine is actively studying the reinvestment opportunities. 
When closure and closed site activities were broken down in a first principles basis and modelled 
with a number of emergent technologies from other industries for their impact over a multi-decade 
analysis, a potential 25% reduction in cumulative costs was discovered, in addition to significant 
safety and sustainability improvements, ranging from exposure to hazard to water quality.  
For GHG emissions and the roadmap to carbon reduction, the portfolio modelling allowed a CEO to 
present commitments around Scope 1, 2 and 3 GHG reductions and to set the foundation for an 
industry leading, company wide energy reduction program.  
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Critically, we have found that, despite the “buzz” and focus around them, it is never one technology 
that meets the required needs of the business regardless of the type of problem.  Instead, 
technologies aggregate themselves into what we call “Technology Suites”; dependent and enabling 
clusters that work together to deliver major impact.   
We will discuss how to Futurecast combinations of emergent technologies to understand their 
probable impact on site activities. When combined with a theory of constraints analysis to de-risk the 
operation, these new and emergent technologies are used to develop the lowest impact sustainable 
operating plans and post mining management plans, including activities ranging from water 
treatment to revegetation while focusing on low or non greenhouse gas polluting solutions.  Using 
techno-economic models to model the impacts of technology on a mine’s economics can also 
forecast the most sustainable approach to mine development and closure over the life of mine while 
taking into account a future forecast of technologies.  

.
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INTRODUCTION  
Greenland Minerals is developing the Kvanefjeld Rare Earth project in Southern Greenland. The 
minerals rights to the deposit were first acquired in 2007. Since then Greenland Minerals has been 
diligently developing the technical, environmental and social aspects of the project. Much of this work 
culminated in the completion of Feasibility Studies and impact assessments. 
The mining project will consist of an open pit mine producing 3 million tonnes per year of ore. A 
concentrator and refinery will be established in Greenland to treat the ore. Supporting infrastructure 
such as a power plant and port will also be required for the project. 
In 2015 Greenland Minerals submitted draft documents to apply for a mining licence in Greenland. 
These draft documents included a Feasibility Study, Environmental Impact Assessment, Social 
Impact Assessment and Maritime Safety Study. During 2016-2019 the Government of Greenland 
and their advisors provided progressive feedback on the draft documents. Greenland Minerals 
revised versions of the documents in 2018, 2019 and 2020. In October 2020 the Government of 
Greenland approved the EIA as being suitable for public consultation.  
One of the key permitting documents is the Environmental Impact Assessment. The impact of the 
mining project on regional waterways, flora and fauna is a key aspect of the environmental impact 
assessment. The arctic environment is sensitive to water contamination so a waste management 
plan was devised to minimise any environmental impact. 
The waste management plan included sub-aqueous tailings dam facilities which are isolated from 
the environment. Embankment walls are double lined to obviate any seepage of waters from the 
tailings. As the environment is very significantly net wet, decant water from the tailings dams are 
recycled back to the processing plant where they are re-used in the process. 
There are a number of rivers which flow in the area which need to be protected from potential 
contamination from the project. In addition, the local town’s drinking water must also be protected 
from any project impacts. 
In order to examine the hydrology impacts, a dynamic model was developed which integrates the 
processing plants with the local hydrology and tailings facilities. The IDEAS process modelling 
package was the selected tool for this modelling. IDEAS is powerful, flexible and allows for detailed 
modelling of the process plants.  
Inputs to the modelling were taken from field season measurements of surface water flows, water 
chemical and radionuclide analysis, process plant testwork and tailings geochemical testwork. 

PROJECT ENVIRONMENT 
The Kvaefjeld Project is located in the southern tip of Greenland outside the arctic circle near the 
town of Narsaq. The site hydrology consists of three main surface-water flows or rivers. The project 
area is a net wet environment were precipitation exceeds rainfall significantly. The temperature of 
the area ranges from +15°C to -15°C with an average temperature of 0°C. This temperature range 
is narrow due to the maritime climate offered by the fjords. Despite the narrow temperature range 
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there is a freshet period each year which generates high water flows in each of the rivers. Therefore, 
each of the rivers has significant variability in flow throughout the year. For example, the lower 
reaches of the Narsaq river vary from 40 cubic meters per hour to over 4,000 cubic meters per hour 
during the freshet. 
FIG 1 shows the Napasup-Kuua catchment area which provides water for the local town of Narsaq. 
This water catchment area is separated from the Taseq catchment area by a steep mountainous 
ridge. 
The area is characterised with rocky gullies and steep slopes with limited soil coverage. The 
topography is open to the south west which directs surface flows. Precipitation immediately flows 
away from the mine area via the valley to Narsap Illua Bay in the South West. Groundwater is limited 
to discrete fractured bedrocks at significant depth (70-90 meters) with low recharge rates. 

 
FIG 1 – Surface Waters and Elevations of Project Area 

The project will require the construction and operation of the following new facilities: 
• Open pit mine and waste rock stockpile 

• Concentrator process plant treating 3 million tonnes per year of ore and producing a rare earth 
rich mineral concentrate and flotation tailings 

• Refinery treating the mineral concentrate to produce uranium oxide, sodium hypochlorite and 
5 different rare earth products. 

• Tailings dam facility receiving flotation tailings from the concentrator and refinery tailings from 
the refinery. They are stored separately in lined tailings dams. 

• Port facility located at Narsap Illua 

• Raw water dam located near the process plant site 
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• Accommodation village located on the outskirts of the town of Narsaq 
The project hydrology integrates these facilities through the sharing and transfer of water. Water 
supply will be provided by damning the Narsaq river and capturing mine area precipitation. This 
water is used in the concentrator and a portion is sent to the Flotation Tailings Storage Facility with 
the solid tailings. A small amount of water is transferred to the Chemical Storage Facility from the 
refinery. Water from the tailings facilities is recycled back to the processing plants for re-use. Excess 
water is removed from the system by treatment followed by placement in the fjord (Norde Sermilik) 
to the north of the project plant site.  

 
FIG 2 – Project Water Flows and Environmental Interactions 
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