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Executive Summary
Background
Australia has a sizeable number of abandoned mines. There are more than 50,000 sites. The exact number of
sites is difficult to quantify given differences in record-keeping per state and territories, how each jurisdiction
defines ‘abandoned’ and designates the extent of each site or feature.
Currently, a database of abandoned mine sites and their characteristics does not exist at a national level. Nor is
there a nationally consistent approach to prioritising the types of risks posed by different abandoned mine sites.
Test mines or demonstration sites are needed to enable companies, service providers, and research
organizations the opportunity to explore and assess new ideas, identify and manage risks, and ensure
technologies are scalable and transferable to small and large-scale mining operations.
Abandoned mines are largely viewed as a serious liability due to environmental contamination, land
degradation, and safety concerns. There are, however, examples of global initiatives and research in Australia to
either re-purpose these sites following a period of rehabilitation for various applications and/or reprocess waste
or sub-grade materials to extract economic minerals, using new technological approaches.
Aim
This project aimed to examine the specification and requirements for building a database of abandoned mines in
Australia to support risk identification and prioritisation and identify opportunities for reuse/repurposing and
regions in transition.
As part of the information-gathering process, representatives of government agencies that manage abandoned
mines from six states and one territory were interviewed to gain a better understanding of their needs regarding
mine rehabilitation and re-purposing abandoned mine sites. Due to the sensitive nature of some of the
information collected during the interviews, agencies and individuals have not been identified. Instead, key
points from communicating with these agencies have been distilled in a summary that is available to the Project
Advisory Group separate from this report. The assistance of these agencies working on abandoned mines across
Australia is gratefully acknowledged as it provided context for how abandoned mines are managed per
jurisdiction and insights into (i) commonalities and differences in their rehabilitation challenges, (ii) progress on
inventorying of sites and risk prioritisation per jurisdiction, and (iii) what are perceived obstacles to or prospects
for repurposing abandoned mine sites in each jurisdiction. The discussions revealed there is a lack of consensus
for a national approach to the harmonization of environmental risk assessment and classification/prioritization
approaches for abandoned mine sites. Although the predominant opinion is that while it could be useful, an
investment in harmonizing is not a priority for most abandoned mine agencies as they are already challenged to
fund and manage numerous rehabilitation works.
Additional information was gathered using a survey of CRC TiME participants from government, industry,
research organisations, and communities working in abandoned mines or mine closure management. The survey
respondents (n=97) revealed a strong preference for, “the identification of opportunities for rehabilitation and
reuse of abandoned mine/quarry sites. For example, for tourism, waste disposal, renewable energy production,
underground storage of natural gas, carbon capture, hydrogen, and thermal energy”. Followed by the desired
outcome of, “developing criteria to identify, classify, and prioritize abandoned mine sites for research aimed
6
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towards sustainable post-mining futures”. Other topics covered in the survey of CRC TiME participants included
the main barriers to re-purposing abandoned mine sites and desired outcomes for the next stage of research on
abandoned mines.
Main findings and recommendations
These main findings from the study were:
•

•

•

•

•

Firstly, surveying of different government agencies and partners, involved in the management of
abandoned mines was conducted and the expectations and issues associated with the abandoned
mines in different states and territories were identified. A summary of the main finding of these
individual meetings with different government partners is presented to CRC TiME in conjunction
with this report. However, due to the confidentiality of the information, the summary will not be
available in the public domain.
A review of technical challenges associated with abandoned mines, focusing on geotechnical and
hydrogeochemical aspects of abandoned mines, globally and nationally are presented. The
outcomes of this review are critical to prioritise the abandoned mine for rehabilitation and to assess
the applicability of the in-active and abandoned mine sites for re-purposing and co-purposing.
A geologic framework and natural hazards for Australia's abandoned mines are summarised. The
regional geology is often not included in prioritisation criteria, but can provide a framework to aid in
1) reducing the search area for potential geological risks of abandoned mines related to a particular
commodity or mining type, and 2) the selection of demonstration or test sites for new technologies
and solutions.
A comprehensive summary is presented of national and international examples of existing screening
tools for risk assessment and prioritisation of abandoned sites. This information was variously
available on either government website documents, published reports, or journal publications.
Collecting such information is needed for the development of a characterisation approach for the
prioritisation of abandoned mines as well as for investigating the applicability of a mine site for new
applications.
Recommendations for designing a national database for Australia are presented that largely rely on
expanding on the existing approach used by the Canada Centre for Mineral and Energy Technology
(CANMET) for the management of abandoned mines. Expert system-based approaches and
fundamental principles from the Analytical Hierarchy Process theory are recommended for making
decisions about the ranking of hazards and assets at each mine site. Finally, it is recommended that
CRC TiME take a leadership role in the development of a national abandoned mine expert
hub/group that can provide an opportunity for different governments agencies, research
institutions, and experts to share information and transfer knowledge.

The scope of this project included planning the next stage of research for data management for abandoned and
inactive mines. Data availability is expected to be one of the main concerns to developing databases and
inventories for identifying risks and reuse opportunities for abandoned, and inactive mines. New perspectives
considering abandoned mines as assets rather than liabilities are required. The databases then enable the
identification of opportunities for novel applications instead of spending budgets to sterilize the affected lands
and close the mines. This can then significantly improve the post-mining economy in the mining regions.
7
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Future research should be expanded to consider closing mines in addition to inactive and abandoned mines. The
work can be framed around developing the characterization and quantification of relevant mine characteristics
and assessment methods that will enable interested stakeholders to find the best and optimised use case. This
will enable the management of post-mining environmental issues, re-purposing/co-purposing, and developing
economic opportunities for local communities. Focussing this data gathering on mines scheduled for closure will
help to ensure that the closing of mines will be properly managed and lead to more rehabilitation, reuse, or repurposing opportunities. Having good data for closing mines means that they will not add to the list of
abandoned mines and the associated liabilities of government agencies. It is expected that any science that will
be generated from the data management and application to closing mines can also directly or indirectly be
applied to the abandoned and inactive mines.
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1. Introduction
1.1 Challenge and project aim
Australia has over 50,000 closed and abandoned mines, including quarries (Werner & et al., 2020). Abandoned
mines are also referred to as ‘legacy mines’, ‘orphan mines’, ‘neglected mines’ or ‘derelict mines’ – they arise
when mining leases or titles no longer exist, and responsibility for rehabilitation cannot be allocated to any
individual, company or organization responsible for the original mining activity (Commonwealth of Australia,
2019). The cost to stabilisse and rehabilitate abandoned mines largely falls on Australia’s state and territory
governments. This is because most of Australia’s abandoned mines operated prior to the introduction of modern
financial arrangements, such as environmental bonds which are paid by mine owners to Australian state and
territory governments to assist with rehabilitation if they abandon their sites. Australian governments hold
about $10 billion in environmental bonds; however, this may be insufficient to cover the rehabilitation liabilities
of operating mines (Campbell, Linqvist, Browne, Swann, & Grudnoff, 2017).
While abandoned (and inactive) mine sites are often viewed as a liability with a legacy of environmental
contamination and land degradation, there are examples of global initiatives and research in Australia to either
re-purpose these sites following a period of rehabilitation for various applications and/or reprocess waste or
sub-grade materials to extract economic minerals, using new technological approaches (Beer et al., 2021).
Depending on site characteristics and the initiative, there can be opportunities to provide benefits to society
(e.g., providing employment opportunities and a new revenue stream to nearby towns that were formerly
heavily reliant on the operating mine), to provide safe, recreational amenities and mining heritage parks (e.g.,
hiking trails on rehabilitated landscapes), to serve as reservoirs, waste disposal facilities, or to generate
renewable energy on-site, to list a few examples.
Readily accessible data about mine site features is critical to informing stakeholders, such as land developers
and other individuals seeking areas for specific re-purposing activities. Currently, a database of abandoned mine
sites and their characteristics does not exist at a national level. Nor is there a nationally consistent approach to
prioritizing the types of risks posed by different mine sites. Additionally, it is recognized that test mines or
demonstration sites are needed to enable companies, service providers, and research organizations the
opportunity to explore and assess new ideas, identify and manage risks, and ensure technologies are scalable
and transferable to small and large-scale mining operations. A national inventory of abandoned mine sites would
aid in identifying critical sites that require the most urgent attention (Commonwealth of Australia, 2019) and aid
in linking proponents with potential opportunities for testing rehabilitation technologies and re-purposing
activities at abandoned mine sites.
This project aimed to determine the appetite of CRC TiME partners to develop a national inventory and database
of abandoned mines in Australia for risk assessment and prioritization, as well as for re-purposing and reusing
abandoned mine sites for innovative options and green applications.

9
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1.2 Approach and methodology
In developing the scope for this project and for assessing the next stage of research, CRC TiME participants were
invited to participate in an initial survey that allowed ranking of their preferences about desired outcomes from
this project and future research on abandoned mines in Australia. The research project was approved by the
CSIRO Social and Interdisciplinary Science Human Research Ethics Committee (ethics clearance 066/21).”Ninetyseven responses to the survey were received: researchers (36%), mining industry (28%), service provider (15%),
government agency (12%), regional development (3%), and other (6%). Appendix 1 describes the purpose and
results from this survey, which included asking respondents to identify the main barriers to re-use/re-purposing
of abandoned mine sites.
The survey results revealed a strong preference by participants for the identification of opportunities for
rehabilitation and reuse of abandoned mine sites and the development of a comprehensive, national database
of abandoned mine site characteristics in Australia for environmental risk assessment, prioritization, and
management options.
To address the identified challenge of developing a national inventory and database of abandoned mines for
environmental risk assessment and prioritization the following activities were undertaken:
1.
2.
3.

4.

5.

Surveyed the broader mining industry-related community to assess interest levels with respect to
developing a national inventory and database of abandoned mines in Australia,
Communicated with government agencies to understand their needs with respect to rehabilitation
and re-purposing abandoned mines sites.
Prepared a summary of the Australian geological framework and natural hazards and a review of
possible technical challenges associated with abandoned mines related to geotechnical and hydrogeochemical risks. Note that the findings of this task are critical for identifying the type of hazards
associated with abandoned and inactive mines. Such information is also needed for building the
database of abandoned mines for the prioritization of mine sites for rehabilitation as well as for the
characterization for any post-mining innovative applications.
Compared currently available screening and evaluation tools used for the prioritization of
environmental risks and opportunity classification of abandoned mine sites. This included
international and national examples, and gap analysis to identify any limitations in the criteria or
structure of available tools for classifying the risks and opportunities.
Developed a questionnaire template that can be utilized to comprehensively capture attributes of
abandoned mine sites that are essential for informing on potential technical challenges to their
rehabilitation and reuse. The questionnaire could be used by government agencies in the future to
populate the national database. Collecting and processing information related to abandoned mines
is a critical step towards the smart and innovative application of legacy and inactive mines. The
authors have therefore investigated the development of a framework for the systematic collection
and storage of information to enable better management of abandoned and inactive mines and
decision-making regarding any post-mining application.

This report documents the outcome of the above activities and provides future recommendations for CRC TiME.
Representatives of government agencies that manage abandoned mines from six states and one territory were
interviewed to gain a better understanding of their needs regarding decision-making and management of
abandoned mines.
10
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2. Technical Challenges Associated with Abandoned
Mines
2.1 Introduction
Abandoned and inactive mine sites can impose significant risks to humans, the environment, and wildlife. The
tailing and waste of abandoned mines often contain a significant amount of contaminants that can affect the
quality of the surface water and groundwater, the surrounding soils, and the air. For example, Acid Mine
Drainage (AMD) which is the drainage of acidic water from sulfur-bearing metal and coal mines, can damage the
environment and wildlife of a significant area around the abandoned mines. When abandoned mines are close
to communities (e.g., in the Newcastle and Hunter Valley area in NSW and Ipswich in QLD), the geotechnical
instabilities associated with the historic and abandoned mine workings can threaten the stability of the surface
and subsurface structures and infrastructures and cause significant risks to human safety. It is also noted that
identifying the main geotechnical and hydrogeochemical hazards associated with abandoned and inactive mines
is a key element for performing any risk assessment and prioritization for rehabilitation, as well as for the
classification of the sites for post-mining applications and finding the best use cases for the affected sites (if
any). There is, unfortunately, a lack of knowledge in this area which can directly affect the results of risk
assessment and prioritization. The main aim of this section is to provide an overview of the main geotechnical
and hydrogeochemical hazards associated with abandoned and inactive mines.

2.2 Geotechnical aspects
Before repurposing abandoned mines or even utilizing mined areas after a period of disuse, it is important to
consider hazards arising from geotechnically unstable or potentially unstable land. Development projects should
be aware of potential geotechnical instabilities as unforeseen ground movements can lead to unsafe conditions
and damage to buildings and structures either directly through collapse or indirectly, e.g., due to fracturing of
gas and water mains (Department of the Environment (UK), 1990). The land may be naturally unstable (e.g.,
underground cavities arising from the natural dissolution of rock) or have relicts from historical mining that are
geotechnically unstable. The causes of the latter can be broadly categorized as the effects of (1) unstable slopes,
(2) ground compression, and (3) underground cavities (Department of the Environment (UK), 1990). Each of
these categories will be addressed below, but the surface effects of underground cavities are covered in the
greatest detail as instabilities arising from underground workings are often harder to detect and can be quite
extensive. For example, the New South Wales government manages Subsidence Advisory NSW, an agency that
administers the Coal Mine Subsidence Compensation Act 2017 and a land zoning tool that identifies Mine
Subsidence Districts (MSD) over areas where there is the potential for mine subsidence to cause damage from
historic, current and/or future coal mining activity. The total area of Mine Subsidence Districts in NSW is about
374,000 hectares (Spatial Services, 2021).
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2.2.1

Unstable slopes

The cause of unstable slopes leading to landslides or soil creep can stem from natural and/or past miningrelated activities (e.g., open pit and open cast mining methods). Certain processes (e.g., weathering, erosion,
undermining, seismic activity, changes in water regime, vegetation removable) can affect hillslopes in such a
way as to increase the likelihood of movement. Landslides can arise from the movement of rock blocks on
discontinuities such as faults, joints, desiccation cracks, and slickensides (Telfer, 1988). The main mechanisms of
slope failure are (a) Planar, (b) Wedge, (c) Toppling, and (d) Circular failures. Further details related to the
mechanisms of slope instabilities can be found in the related literature (Hoek & Bray, 1981). Figure 1 shows an
example of mining-related slope failure at the Waihi gold mining area, in New Zealand.
Unstable slopes are relevant not only at the mine but also for structures surrounding the mine that are used to
protect the site: for example, at the Yallourn coal mine in Victoria’s Latrobe Valley, an embankment created to
protect the mine called the Morwell River Diversion (MRD) failed during heavy rains in June 2021. Previously,
the MRD failed after heavy rainfall in June 2012, which filled the mine with 60 billion liters of water (Morton,
2012) and required two years and $150 million to repair (Perkins, 2021).
Abandoned mine sites may contain waste material in tailings dams and other storage facilities. To reduce the
probability of tailing dams failure requires regular monitoring (Lumbroso et al., 2019). There are many examples
worldwide of tailings dam failures (Lumbroso et al., 2019; Owen, Kemp, Lèbre, Svobodova, & Pérez Murillo,
2020). A primary cause of tailings dam failure is due to high water content in tailings and the presence of large
quantities of water that cause seepage, internal erosion of the containment facility, or overtopping due to
blockage or limited capacity of the spillway (Fourie, 2009).
Although guidance documents on tailings guidelines and risk controls for the management of tailings dams are
widely available as noted by the International Council of Mining and Metals (2016) in a review of its member
companies, the risk of tailings dam failure is potentially higher at abandoned facilities which are not being
monitored (Kemp, Owen, & Lèbre, 2021), and particularly at remote sites. Lumbroso et al. (2019) propose using
satellite-based information to monitor tailings dams cost-effectively and as a complement to other in-situ
detection methods. Examples of adverse conditions to monitor and thus allow timely, preventative
interventions include, surface erosion of dam slopes, loss of spillway capacity, and changes in the rate of
seepage (Lumbroso et al., 2019). In 2018, a tailings storage facility collapsed at the Cadia gold/copper mine
operating in New South Wales. The event was attributed to geomechanical failure of the slope and/or
foundation, which led to the slump of an estimated 1,330,000 m3 of tailings and rockfill (Jefferies, Morgenstern,
Van Zyl, & Wates, 2019). According to Lumbroso et al. (2019), retrospective investigations demonstrated that
earth observing data could have been used to monitor displacements and thus predict the timing of failure
almost one month prior.
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Figure 1: An example of mining-related slope instability in the Waihi gold mining area in New Zealand (Courtesy of
Suisted, Nature's Pic Images, 2021)

2.2.2

Ground compression

At abandoned mine sites, there can be natural and/or anthropogenic causes of ground compression that occur
when the land is loaded or drained. This can lead to differential settlement of overlying structures or roadways.
Natural materials that cause this effect include peat, soft silt, and clays. Construction overlying waste dumps,
backfilled areas, or landfills composed of heterogeneous material can also experience differential settlement
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(Department of the Environment (UK), 1990). Considerable damage can be caused to existing buildings due to
the movement of expansive clays, which expand during wetting and shrink during desiccation (Cameron &
Walsh, 1984). In Australia, expansive soils are a common and underrecognized problem causing several
structural damages to buildings (Far & Flint, 2017). In a study of opal mines in Lightning Ridge, NSW, Friend
(2013) describes the difficulty of trying to stabilize old mine shafts located in a floodplain containing expansive
clays within the upper 2 m of the soil profile and slickensides at greater depth. There are concerns from
landholders related to livestock welfare and public safety in the clay floodplains around Lightning Ridge used for
prospecting and mining (Friend, 2013).
2.2.3

Underground cavities from previous mining activity

The surface expression of underground mine collapse varies depending on the mining methods used. This
section begins with a description of surface collapse above historical mine entry shafts and stopes (mined out
voids). It is followed by a detailed description of subsidence due to different techniques used to mine coal. Coal
mining is given more emphasis in this review because mining-induced ground subsidence in Australia in urban
areas is often related to underground coal mining (Hawkins, 2005; Poulsen & Shen, 2013).
2.2.3.1

Subsidence related to mine entry shafts

Where abandoned mine sites are considered for re-development and the presence of old shafts is suspected,
the location of the shaft must be determined so that the shaft can be rehabilitated. Often when shafts were
abandoned, they were inadequately filled or simply sealed over at the surface with materials that are not stable
over the long term (Figure 2). The lining of unmaintained shafts can be degraded over time and collapse. There
is often, therefore, a considerable potential of shaft collapse and the grounds surrounding the shaft may
subside. Collapses of mining shafts have been among the main subsidence issues damaging the surface
structures and infrastructure and properties in urban areas above the abandoned old mine workings in the UK
(Bell, 1988b). Figure 3 shows an example of subsidence associated with the collapse of an abandoned coalmining shaft in the UK. Abandoned coal mining shaft failure and the associated ground movement have also
been a serious geotechnical problem in the Newcastle, NWS, and Ipswich, QLD) areas in Australia (McNally,
2000; Millar & Holz, 2010; Poulsen & Shen, 2013).
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Figure 2: Geotechnically unstable remnants of mining a mineralized vein, including a crown hole and inadequately
backfilled stopes and levels

In a study of neglected mines in Victoria, Australia, Miller et al. (2017) describe the hazards (i.e. shaft collapse
and subsidence) posed by historical gold mining. The Department of Environment, Land, Water & Planning
(DELWP) in Victoria recently updated an online database of shaft locations for mines dating back to 1868 until
recently, mainly concentrating on Ballarat and Bendigo. The dataset as of October 2021 includes the locations of
nearly 29,000 shafts (The State of Victoria, 2021). Similarly, historical gold mining in Charters Towers,
Queensland, beginning in the 1870s, led to the cataloging of actual and potential sites that are currently about
1160 within the city limits. Ground-penetrating radar (GPR) surveys have been used to assist in mapping shaft
locations in Charters Towers, particularly shallow workings in the built environment (Nelson-White, 2005;
Williams, Nelson-White, Bethel, Kadletz, & Cooper, 2007). Ground-penetrating radar, gravimetric, electrical
resistivity, and seismic methods are among the geophysical techniques trialed for locating buried historical mine
shafts, but their success in detecting underground voids depends on the measurement conditions at the site
(Pilecki et al., 2021).
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Figure 3: Examples of the collapse of an abandoned mine shaft and the associated subsidence and damage in Walsall, UK
(Courtesy of Waltham, 2021)

2.2.3.1

Stopes from mining veins or lodes

Figure 2 shows an abandoned mine where collapse at the surface has produced a crown hole above shallow,
unsupported stopes (mined out voids). During active mining, the stopes were likely supported by timbers or
pillars of rock to prevent collapse, but there is no assurance of their long-term stability if the site is unmonitored
and unmaintained. An interesting example of such an incident can be seen in the Waihi area in New Zealand.
Gold mining in the 1800s and 1900s has resulted in numerous unsupported stopes. Although these excavations
were designed based on the standard of the time and the mining voids were stable over the short-term, chemophysical weathering has gradually altered the crown pillars and resulted in several collapses and sinkhole
developments (Brathwaite, Mazengarb, Richards, & Beetham, 2002). These sinkholes resulted in significant
damages to the surface structure and infostructure. An example of such an incident that occurred in 2000 is
shown in Figure 4.
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Figure 4: An example of old gold mining stope failure and crown hole development and the associated damage in Waihi,
New Zealand (Photo courtesy of Stuff Ltd, New Zealand, 2021)

Based on an inventory of abandoned mines in Western Australia, Mitchell et al. (2019) report that there are
about 2300 open stopes. These features were assessed as being high risk, but they could be effectively closed by
capping them or backfilling with minor earthworks required (Mitchell et al., 2019).
To reduce surface subsidence, it is now common practice during active mining to backfill stopes, for example,
with a cemented paste composed of tailings and to construct a retaining wall or barricade to contain the backfill
(Cui & Fall, 2020; Helinski, Fahey, & Fourie, 2011). The barricade is made from porous bricks or a combination of
impervious material and a drainage system (Sheshpari, 2015). Most collapses of fill barricades occur due to poor
drainage during filling operation when the water content of the fill is relatively high (Sivakugan, 2008; Sivakugan,
Rankine, & Rankine, 2005).
At the Giant Mine in the Northwest Territories of Canada, a remediation program was undertaken in 2018 to
stabilize a complicated, underground void space, consisting of stopes partially backfilled with rockfill and other
unidentified materials from historic mining operations (Ting, Stone, Ruptash, & Fabien, 2021). Surface
subsidence was a concern as it occurred in proximity to a public highway and river. The backfilling was
successfully accomplished using different mixtures of backfill and self-consolidating concrete (Ting et al., 2021).
One of the major challenges was reconstructing the underground voids in three-dimension, 3D, due to a lack of
accurate maps of the historic mine; however, a laser-based cavity monitoring system was used to estimate void
volumes for backfill planning (Preston & Roy, 2017; Ting et al., 2021).
Carter, Mackasey, and Steed (1995) also discussed the collapses of the abandoned underground shallow stopes
in Cobalt, Ontario, Canada, and the remediation strategies that were considered for the treatment of the
abandoned mining voids in the critical locations in the town. A prioritized schedule of evaluation and analysis
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was followed to identify the optimum remediation approach for each case. A preliminary geotechnical analysis
was also conducted to define the areas of potential instability. The costs for the detailed assessment were
estimated. Responsible committees and government agencies then reviewed, assessed, and approved the
investigation plans. Detailed investigations were conducted to identify the dimension of the problem and to
identify the best remediation plan for each specific mining void. Several alternative remediation designs and
measures were developed together with the cost estimates for each option. The instability risk versus cost
decision matrix tables for different options were also prepared. The most appropriate and costs effective
approaches were selected and submitted to the responsible department for funding approval. An example of
the design matrix considered for identifying the optimum remediation plan for mining excavations with different
geotechnical conditions is shown in Figure 5.

Figure 5: Matrix of feasible remediation measures for stabilizing abandoned mining voids in rock masses with different
conditions (Carter et al., 1995).

Schematic views of different remediation work considered for the stabilization of abandoned mine workings in
Cobalt are also shown in Figure 6 and Figure 7.

Figure 6: Schematic view of the application, A: concrete capping, and B: roller-compacted filling, for stabilizing the
abandoned mining voids close to the highway sinkhole incident in Cobalt, Ontario, Canada (Carter et al., 1995)
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Figure 7: Schematic views of A: gravity filling for the backfilling of the abandoned stope, and B: Pneumatic backfilling of
abandoned mining voids close to a public school in Cobalt, Ontario, Canada (Carter et al., 1995)

2.2.3.2

Abandoned coal mines and subsidence

Australia has a long history of underground coal mining, beginning in the 1800s in NSW (Mills & Barbato, 2020).
There are likely between 250 and 300 abandoned coal mines in Australia, with Tasmania having the highest
number of coal mines based on a national database collated by Werner et al. (2020). A review of current coalmining-related subsidence commissioned by the Department of Environment in Australia describes the
predictive tools, management, and monitoring being undertaken for operational coal mines, mainly in New
South Wales and Queensland (Commonwealth of Australia, 2014). The subsidence associated with the old mine
working has in particular been a problem in the Newcastle and Hunter Valley Area in NSW (Hawkins, 2005;
McNally, 2000; Pells, Opensiiaw, Love, & Pedersen, 1988) and Ipswich in QLD (Holz, 2011; Millar & Holz, 2010;
Poulsen & Shen, 2013). The prediction of subsidence risks related to historical coal mining or at abandoned sites
poses a significant challenge as there are less likely to be maps and other information on subsurface conditions
or ground movements (Gray, 2020).
Longwall and bord-and-pillar mining methods were extensively used in Australia to extract coal. These mining
methods are briefly described below. Both techniques can result in immediate and long-term surface
subsidence.
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Longwall mining for coal involves progressively shaving slices of coal from the longwall face and allowing the
overlying strata behind the advancing longwall face to collapse into the worked area. It is currently the main
method used in Australia for underground coal extraction (Commonwealth of Australia, 2015). General surface
subsidence from longwall mining occurs over a wide area and typically occurs instantaneously or within two to
five years following coal extraction (Department of the Environment (UK), 1990; Kratzsch, 1983; Whittaker &
Reddish, 1989).
Bord-and-pillar or room-and-pillar refers to a mining technique that leaves behind pillars of coal in a grid that
supports the roof of the mine during operation. It is one of the oldest coal mining methods and was commonly
used in New South Wales until about 1960, but nowadays, it is generally used as a precursor to longwall mining
(Commonwealth of Australia, 2014). In the case of old, shallow, bord-and-pillar mine workings, there are
potentials for the collapse of mine workings, if the supporting structures deteriorate (Andrews, Cumberpatch,
Shipton, & Lord, 2020). Current use of room-and-pillar mining is largely limited to depths less than 300 m and
designed to minimize surface subsidence (Department of the Environment (UK), 1990). The collapse of pillars at
shallow depths may cause localized ground instabilities such as troughs or total collapse into crown holes (Figure
8). However, in some cases, a very localized pillar failure can result in increasing the loads on the adjacent pillars
and initiate a massive instability because of a domino effect. Typical examples of such an incident are the
Coalbrook mining disaster that occurred in 1960 in South Africa and resulted in 437 lives lost (Van der Merwe,
2006) as well as the Hamilton Pit disaster in 1889 which resulted in 11 lives lost (Beauchamp, 2014; Galvin,
2016), and the collapses of the relatively shallow mine workings in the Borehole Seam in the Newcastle area
which occurred in 1905 and is known as Creep III (Knott, Baker, Ditton, & Love, 2012; To, 1998). This later
incident caused significant damages to several surface structures such as the Anglican Cathedral (To, 1998).
There can also be progressive rock falls from the roof of mined areas and access tunnels, which results in the
formation of a chimney (Figure 8). This chimney may continue to develop upward until it appears at the surface
as a crown hole (Salmi, Karakus, & Nazem, 2019).

Crown Hole

Chimney Forming
Stable Arch Formed
Pillars

Figure 8: The formation of a stable arch, chimney, and crown hole (Salmi, 2016)

Craft (1992) introduced four terms to classify different types of surface subsidence arising from coal mining: pit,
room, sag (or trough), and beam subsidence. The geologic setting controls the type of surface subsidence and
largely depends on the depth of the mine, variations in stratigraphy, and topography (Craft, 1992; Wachtel,
2016).
Pit-hole (sinkhole/chimney) subsidence is associated with three main geological characteristics which include:
shale overburden, seasonally wet and dried unconsolidated overburden, and perched water table in the
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unconsolidated overburden (Craft, 1992). Pit-hole subsidence is normally attributed to the formation of a small
diameter depression at the surface. Chimney collapse starts from the mining cavity and gradually propagates
toward the surface. Pit-holes usually form when shallow mining excavation leads to fracturing of the overburden
or where openings intersect heavily fractured rock or shear zones. If the roof materials consist of shale, the
cavity can extensively propagate upward and reach the surface (Karfakis, 1993; Salmi et al., 2019). However, the
development of the cavity may be halted because of the bulking effect of collapsed debris or because of the
presence of strong layers in the overburden (Bell, 1988a; Piggott & Eynon, 1978). If the overburden consists of
alternating layers of unconsolidated and strong layers, the upward chimney collapse may be stopped at the
unconsolidated contacts. Figure 9 shows a schematic view of pit-hole subsidence development over an
abandoned ‘bord and pillar’ coal mine.

Figure 9: The piping of unconsolidated sedimentary overburden into the mine workings associated with a seasonal water
table (modified after Craft (1992))

Room subsidence occurs when the entire roof across the span of mine working falls into the cavity and
subsequently, a shallow depression is formed (Craft, 1992; Wachtel, 2016). Room subsidence generally occurs in
shallow mines (less than 30 m) and mainly in shale with interbedded siltstone (Craft, 1992; Wachtel, 2016).
Based on numerous field inspections, Craft (1992) noted that the maximum vertical displacement in the center
of the depression is less than one-half the thickness of the original void produced from mining the coal seam.
Sag or trough subsidence is associated with bord and pillar mining and is formed when pillars fail in conjunction
with roof failure. Generally, sag subsidence occurs when the overburden thickness exceeds 45 to 50 m. After the
initiation of pillar and roof failure, subsidence grows quickly and may continue to develop over a long period.
The angle of draw, i.e., the angle between the end of an underground working and the point on the ground
surface to which subsidence, due to that working, may extend, normally tends to diverge toward the surface
(Figure 10).
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Figure 10: Sag (trough) subsidence development when pillars are crushed between rooms. Pillars may be highly punched
into the soft roof or floor strata (modified after Craft (1992))

Beam subsidence can occur due to either cantilever beam failure or arch beam failure. As described in Wachtel
(2016), cantilever beam subsidence occurs in steep terrain when a layer of hard rock rests on a coal seam and
outcrops. For full extraction mining, the entire weight of the remaining overburden is placed on this seam, but if
pillars are left (i.e., partial extraction), the weight extends to them. As the pillars fail, the overburden acts on the
cantilever beam, causing the opposite end of the beam to fall – this leads to a large fissure in the overburden as
shown in Figure 11 (Wachtel, 2016). A significant example of cantilever beam subsidence occurred in Nattai
North, NSW, which resulted in one of the largest, contemporary mass movements in Australia (Salmi, 2016;
Salmi, Nazem, & Karakus, 2017).

Figure 11: Cantilever beam subsidence development associated with retreat mining, sloping topography, and thick
sandstone strata in the overlaying rocks (modified after Craft (1992))

Arch beam failure can occur under all types of terrain and arises when a large area of coal is left between two
room and pillar areas. Over time, the pillars will slowly crush or fracture causing settling directly above –
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generally, this occurs slowly and as both sides settle, the overburden in the middle will arch, creating zones of
high tension (Wachtel, 2016). If these tension forces are large enough, graben block faulting is generated as
indicated in Figure 12. In this type of failure, horizontal friction in the overburden is negligible and overburden
loads exceed the strength of pillars in the center of the tension arch. Arch beam failure is, therefore, associated
with solid barriers, which are left in place under thick overlying strata. The ground surface gradually sinks over a
long period (Craft, 1992).

Figure 12: Gravity faulting associated with the compression of small pillars within a large panel and a larger support area
at the edge of the panel (modified after Craft (1992))

2.3 Hydrogeochemical aspects
Depending on the type of mine, there is a range of different water-quality related issues, e.g., the
hydrogeochemical evolution of pit lakes, water quality changes in flooded mine voids, migration of
contaminants within aquifers and to down-stream environmental receptors, the longevity of mine water
pollution, and the management of passive water treatment systems. Moreover, a quantitative understanding of
the hydrology of the site is important before undertaking re-development as any groundwater pumping or
diversions of surface water can impact water-dependent environmental receptors downgradient from the site.
Neglected sites, as defined by Werner and et al. (2020) as having been inactive for at least one year and no
management plan or remediation, may pose even greater challenges for redevelopment than active mines. In a
review of post-mining, alternative land-uses across 14 case study sites in Australia, Hunt (2013) found the
poorest outcomes for abandoned mines was primarily due to “a failure by all parties to plan for closure (both
expected and unexpected)”. Abandoned mines are typically contaminated and consequently, attempts to
reclaim them will require good insight into what hazardous substances are present and whether altering the
landscape could result in the mobilization of the contamination.
This section of the report aims to provide insight into potential hydrochemistry-related risks to groundwater and
surface water associated with remediating or repurposing abandoned mine sites. Section 2.3.1 reviews types of
mine operations and potential impacts to water quality for each type. Section 2.3.2 provides a more detailed
explanation of the hydro-geochemistry of specific mining impacts (e.g., acid mine drainage, metal contamination
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of water and sediments, pit lakes, and residual cyanide from mineral processing) that could exist at abandoned
mine sites.
2.3.1

Mine types and water sources and pathways

In Australia, the most widely used mining methods are open cut and underground mining. In-situ recovery
mining is an emerging technology that has been used for uranium mining and is being considered for gold,
copper, and possibly lead and zinc (Lacey, Malakar, McCrea, & Moffat, 2019).
The type of mining method previously used at a site and the hydrogeology affects the potential risks to
environmental water quality and water management options for re-purposing the mine site. A review of
contaminant sources and migration pathways arising from different types of mines is described below. Section
2.3.2 contains more details about specific geochemical interactions and contaminants that are likely to be
released into the environment.
2.3.1.1

Open-cut mining

An open-cut mine is excavated in benches or steps and exposed to the air. In the case of an open pit, the
excavation continues towards the center of a pit to extract the mineralized ore. The overburden removed may
have been placed in a spoil pile or could have been used to fill excavation pits when the mine was operating.
Rainwater-derived runoff can react with exposed minerals on open-cut mine wall-rock surfaces, can lead to wallrock seepages into aquifers or downgradient surface water bodies.
During active mining, as the pit was deepened, it may have intercepted the water table. In such cases,
dewatering operations may have been used to keep the water table well below the production area. Once
pumping is terminated at an inactive mine, groundwater can rise into the pit to create an artificial lake. Figure
13 depicts a typical inactive, open-pit mine void where the water-table in the fractured rock aquifer is expressed
at the surface. The pit lake water can chemically react with submerged wall-rock minerals, leading to a range of
water compositions, depending on the mineral distributions in the wall-rock, and other factors, e.g., limnological
processes, geological controls (Bowell, 2002; Bowell, Barta, Gringrich, Mansanares, & Parshley, 1998; Castendyk,
Mauk, & Webster, 2005; Castendyk, Eary, & Balistrieri, 2015). As the pit lake is a surface expression of the watertable, any contaminants in the pit lake water can form a plume of contaminated groundwater through the
surrounding aquifer.
Not all water-rock interactions within flooded pits produce adverse water quality outcomes. For example, the
presence of acid-neutralizing minerals can help to buffer the pH at sites prone to sulfide oxidation (Bowell et al.,
1998). Furthermore, flooded mining voids at former sand or gravel quarries may potentially have better water
quality than voids created by metal mining (Seelen et al., 2021). The chemical dynamics of pit lakes are covered
in more detail in Section 2.3.2.7.
As shown in Figure 13, unlined pits containing spoils are another potential source for leaching of contaminants
to groundwater, particularly if they were stored uncovered and exposed to rainfall. Dissolved constituents from
rainwater infiltrating through the rock piles can migrate into the underlying aquifers. Sediment particles derived
from waste piles or tailings and transported by runoff into streams are another potential source: any
contaminants adsorbed to the sediments can enter aquatic systems by mechanical erosion in the stream bed.
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Figure 13: Different elements of mine sites (open pit and underground) that can affect the hydrochemistry of the water
environment and possible sources, pathways, and receptors for contaminants

2.3.1.2

Underground mining

Mine sites with underground workings may have access to the mineral body via shaft (vertical), slope, or drift
(horizontal or sub-horizontal development openings) entries. As with surface mining, there is the potential for
above-ground mine-related water pollution arising from waste disposal areas, tailing ponds, etc. (Figure 13). In
addition, waste piles left in underground workings (e.g., pyrite refuse) can give rise to acid mine drainage. AMD
is caused by the oxidation of sulfide minerals in the presence of water. Not all underground mines result in
discharges of pollutants as it will depend on a range of factors, including the climate, hydrology, geology,
topography, mining method, ingress of air and water, and the presence of sulfide minerals (Scott & Hays, 1975).
Many mines are developed below the water-table using dewatering techniques during production, but then
naturally flood and/or discharge to the environment when they are abandoned. Figure 13 shows an abandoned
underground mine that has been allowed to flood and discharge AMD to a nearby stream and to an alluvial
aquifer, which is in hydraulic connection with a bore field downgradient.
An accompanying issue with underground mines is surface subsidence or caving, which enhances the vertical
permeability of the overlying strata. This can result in greater volumes of water infiltrating subsurface workings,
interacting with exposed wall-rock, and producing greater volumes of contaminated discharge. At the surface, if
there are groundwater-dependent ecosystems (GDEs) that rely on surface expressions of groundwater (e.g.,
springs and streams), they potentially face a loss of water availability due to drainage of surface water and
groundwater into the underlying mine workings (Commonwealth of Australia, 2015).
In some areas of the world, long-term mining, particularly for coal, has led to the formation of subsidence ponds
at the surface (Tan, Wang, Xu, Li, & Qu, 2020; Zhang et al., 2020). In Australia, the effects of subsidence on
groundwater and surface water resources are of particular concern in coal mining areas of New South Wales and
Queensland (Commonwealth of Australia, 2015). In extreme cases, subsidence can disturb natural drainage of
surface water, e.g., reversal of river flow direction; reversal of gaining to losing characteristics of streams;
irreversible changes to upland wetland hydrology (Bell, Stacey, & Genske, 2000; Mason, Krogh, Popovic,
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Glamore, & Keith, 2021). Pathways and sources of potentially polluting water to interact with the natural
environment need to be assessed before redeveloping a subsidence-prone site to avoid degradation of aquatic
ecosystems and negatively impacting other receptors. Not all mining subsidence-related water bodies (ponds,
wetlands, reservoirs) have water of impaired quality and, they may allow biodiverse habitats to flourish (Chen,
Li, Yang, & Wang, 2021; Lewin, Spyra, Krodkiewska, & Strzelec, 2015; Li, Cui, Zhou, & Yang, 2018; Zhang, Yuan, &
Wang, 2019).
2.3.1.3

In-situ recovery (ISR) and solution mining

In this section, we discuss mines that rely on a technique that extracts soluble minerals within a geologic
formation without excavating material. The concept of applying a leaching solution (lixiviant) to excavated
material either in waste heaps (i.e., heap leaching), in open pits, or underground workings is described in Section
2.3.2.6.
In-situ recovery (ISR) from an ore body, also referred to as in-situ (solution) leaching (ISL), involves circulating an
introduced solvent through an aquifer containing an ore deposit to enable the recovery of minerals without
excavation. The lixiviant is injected into the ore body to leach the ore in place, and the resultant ‘pregnant’
solution is pumped to a central processing plant via extraction wells where the solution undergoes
hydrometallurgical processing (Figure 14). The lixiviant is usually groundwater from the ore zone mixed with
complexing agents and oxidants. After the minerals are extracted from the leach solution, the resulting ‘barren’
solution is treated with additional reagents and re-used for injection (Commonwealth of Australia, 2010; Taylor,
Farrington, Woods, Ring, & Molloy, 2004).
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Figure 14: The in-situ uranium recovery process (Source: United States Nuclear Regulatory Commission, Public domain,
via Wikimedia Commons)

Beginning in the 1950s, ISR was developed initially for uranium extraction and has since steadily grown: as of
2019, 57% of world production of uranium was by ISR (NEA/IAEA, 2021; Seredkin, Zabolotsky, & Jeffress, 2016).
Non-uranium applications of ISR technology include pilot tests for the extraction of a range of minerals, either
by-products in uranium pregnant solutions (e.g., rare earth elements, scandium, rhenium, selenium, vanadium,
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molybdenum) or from leaching non-uranium deposits (e.g., nickel and cobalt); in addition, several mines
produce copper and gold using ISR (Seredkin & Savenya, 2019; Seredkin et al., 2016; Sinclair & Thompson, 2015).
For uranium mining, the lixiviant used is typically sulfuric acid or ammonium carbonate, depending on the
composition of the host rock. If the host rock consists of a significant amount of carbonate, then generally an
alkaline lixiviant is more effective, whereas if carbonate contents are lower, acidic lixiviants are used
(Commonwealth of Australia, 2010; Taylor et al., 2004). In addition to the composition of the host rock, other
factors are considered in choosing between an acid or alkaline lixiviant, including environmental considerations
as discussed below.
An essential requirement before introducing lixiviant to the subsurface is for the host rock to be confined
between impermeable clay-rich layers (Commonwealth of Australia, 2010). In addition to injection and
extraction wells, groundwater monitoring wells are regularly checked to ensure the circulating fluids do not
migrate beyond the well field (Figure 14).
In the United States, the U.S. Nuclear Regulatory Commission (NRC), which serves as a regulatory authority
responsible for issuing licenses for ISR facilities in several states, and the EPA, which sets standards for the
protection of human health and the environment, work together to regulate groundwater pollution for ISR
uranium mines. To standardize the assessment of potential environmental impacts of ISR activities (e.g.,
construction, aquifer restoration, and decommissioning ISR facilities) in the United States, the NRC issued the
‘Generic Environmental Impact Statement’ (GEIS) report (NRC, 2009). Chapter 2.5 of the GEIS describes the
requirements for aquifer restoration after uranium operations cease at a site. Prior to any ISR activity, license
applicants must provide the baseline water quality for the production zone, which is used as a guide for
restoring groundwater quality once operations cease. There are several possible methods for aquifer restoration
described in the GEIS report: (1) groundwater transfer (moving groundwater between the lixiviant-affected
portion of the aquifer and another well field that is unaffected at the site), (2) groundwater sweep (the licensee
pumps groundwater from the lixiviant-affected aquifer and removes it to the processing plant, allowing
uncontaminated, native groundwater to flow into the aquifer), (3) reverse osmosis with permeate injection
(typically used after groundwater sweep operations), (4) permeate injection and groundwater recirculation, and
(4) stabilization monitoring (oxidation state in the ore body is returned to pre-operational levels to stabilize
metal concentrations by adding reducing agents or oxygen scavengers (NRC, 2009).
In Australia, guidelines for uranium ISR are provided in ‘Australia’s In Situ Recovery Uranium Mining Best
Practice Guide: Groundwaters, Residues and Radiation Protection’, which sets out performance standards and
monitoring requirements (Commonwealth of Australia, 2010). Some of the first pilot studies of uranium ISR in
Australia started in the 1980s (Mudd, 2002; Woods & Jeuken, 2015); however, they were not required to restore
contaminated groundwater to pre-mining quality or use (Mudd, 2002). The 2010 Best Practice Guide
(Commonwealth of Australia, 2010) establishes the following requirements: during the mining operation,
groundwater beyond the active area immediately downgradient from mining should be maintained for their premining use category (e.g., stock watering, irrigation, ecosystem support, potable). After mining ceases, it is
expected that active remediation is used, particularly if the category of groundwater use downgradient from the
mine is covered by the national water quality guidelines, there are insufficient sampling sites to determine the
downgradient groundwater quality, and/or natural attenuation is insufficient for the intended post-mining land
use to proceed in a reasonable time frame (Commonwealth of Australia, 2010). Woods and Jeuken (2015)
provide a description of case studies of uranium ISL in Australia and provide recommendations for evaluating
the feasibility of uranium ISL (e.g., collection of hydrogeological data, hydrogeochemical modeling).
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The process of extracting soluble minerals has also been applied to the production of rock salt and potash: fresh
water is injected into a salt formation to dissolve the salt, forming a brine solution, which is then pumped out
and recrystallized at the surface. Underground cavities are typically formed, which can lead to subsidence and
collapse of the overlying strata as documented in several mines in the United States, Europe, Russia, and China
(G. M. Zhang et al., 2019).
2.3.1.4

Other remnant features at inactive mining sites

Aside from the tailings and waste rock piles at the surface and below ground in underground workings, there are
several other possible remnant features at inactive mine sites, which may impact the hydrochemistry of the
surrounding area. These include evaporation ponds, heap leach pads, processing facilities, chemical storage
areas, tailings dams, and refuse piles of mineral waste stored below ground (Figure 1). The practice of disposing
of tailings by using them to backfill mined-out open pits and underground workings offers several advantages,
e.g., confined to a limited area, no spillage or failures of tailings dams (Lottermoser, 2007). However, there can
be long-term issues arising from this technique, which should be considered if they are present at abandoned
mine sites. Although not discussed in detail here, it is worth considering that tailings used as backfill are often
fine-grained (fine sand-sized or smaller), reactive ore particles with large surface areas and may contain pore
fluids consisting of process chemicals (Lottermoser, 2007).
Natural or constructed wetlands used to treat contaminated waters may also be a feature of inactive mine sites
and continue to rely on biogeochemical processes to remediate the water quality (Pat-Espadas, Portales,
Amabilis-Sosa, Gomez, & Vidal, 2018; Younger, Banwart, & Hedin, 2002). Constructed wetlands are a particularly
attractive treatment option for acid mine drainage due to their low cost and maintenance requirements
(Fernando, Ilankoon, Syed, & Yellishetty, 2018; Skousen et al., 2017); however, if a constructed wetland has not
been maintained for long periods of time, it can become clogged, thus allowing contaminated water to
preferentially flow through more permeable sections and potentially bypass intended treatment or shorten the
residence time for biogeochemical reactions and water quality improvements to occur. If an abandoned
constructed wetland is present on-site, a thorough understanding of the wetland substrate, plant species, and
changes to these in the context of seasonal variations in the water budget is needed (Karathanasis, Robinson, &
D’Angelo, 2006; Yadav et al., 2018).
There is considerable variation in the type and spatial extent of mine-related features that could affect the
hydrochemistry of mine water. In a comparative study of geospatial features of open cut and underground
mines with either flotation or heap leach circuits, Werner, Mudd, et al. (2020) examined the typical proportions
and extent of various mine features, i.e., open pits, tailing storage facilities, waste rock dumps, water storage
ponds, heap leaching pads, and other infrastructure, for 295 active mine sites, including 49 mines in Australia.
The study revealed a lack of uniformity across mines in terms of the spatial proportions of different features: for
example, of the 49 mine sites in Australia, heap leach ponds comprise between 1 and 16% (average of 9%) of the
total area of the sites considered, whereas water storage ponds comprise between 0.1 and 36% (average of 6),
based on the Supplementary data provided in Werner, Mudd, et al. (2020).
2.3.2

Hydrochemistry of specific mining impacts

An overview of several types of specific mining impacts is discussed in this section, largely focusing on metal
mining operations and the related hydrochemistry. Acid mine drainage (AMD) is the most significant
environmental issue facing the mining industry. There are other sources of dissolved pollutants at mine sites
from process water, runoff, and seepages (e.g., spills of chemicals used in mining and beneficiation). Common
reagents include copper, zinc, chromium, cyanide, nitrate and phenolic compounds, sulphuric acid at copper
leaching operations, and there can be nitrate compounds present from nitrogen-based explosives and industrial
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chemicals used in processing (U.S. Environmental Protection Agency, 2000). For more details on leaching
lixiviants used in mining for the recovery of valuable metals and related pollution prevention controls, see
Thenepalli et al. (2019) and Zanbak (2012).
2.3.2.1

Acid mine drainage

Acid mine drainage (AMD), also referred to as acid rock drainage (ARD), is produced by oxidative dissolution of
sulfide minerals, commonly found in coal seams and metal ore deposits, in the presence of acidophilic microbes
(Bigham & Cravotta, 2016; Chen et al., 2014; Simate & Ndlovu, 2021) (see Figure 15). The acronym AMD is also
commonly used to refer to acid and metalliferous drainage. The topic of metal contamination or metal leaching
due to AMD is described in the next section.
Pyrite (FeS2) is the most common sulfide mineral causing AMD and it oxidizes to produce sulphuric acid and
dissolved iron. Although the process is considered ‘natural weathering’, in the context of mining, the process is
enhanced when rock is pulverized, thus exposing more rock surface area to air and water (Lottermoser, 2007).
The presence of acid-buffering minerals (e.g., calcite or other carbonate minerals) can neutralize the acid, but
some metals can remain in solution (U.S. Environmental Protection Agency, 2000). In addition to active
weathering of pyrite that results in acidity, there is also acidity stored in accumulated sulfide weathering
products that form in unsaturated void spaces (e.g., walls of dewatered mine workings) that are in contact with
the air, but not actively flushed with water (Younger et al., 2002). Sulfide weathering products or secondary
hydroxy sulfate minerals can also form by evaporation of AMD (Bigham & Cravotta, 2016). At a later stage, if the
mine workings interact with water, dissolution of these secondary hydroxy sulfate minerals (acid-storing
minerals) can contribute to a load of acidity (Bigham & Cravotta, 2016; Jones et al., 2016; Pearce, Weber,
Pearce, & Scott, 2016).
The AMD generation fundamentally depends on the mineralogy, the activity of microorganisms, and the
presence of oxygen and water. Strategies to prevent AMD include oxygen barriers, bactericides, mixing with
neutralizing agents, and coating of exposed mine rock surfaces (Favas, Sarkar, Rakshit, Venkatachalam, &
Prasad, 2016; Park et al., 2019). Once the AMD is generated, it is much more challenging to control. There are a
number of active treatment options that may regular reagent inputs, e.g., dosing with an alkali to raise the pH of
neutralization followed by sedimentation for solid-liquid separation, and passive options, e.g., constructed
wetlands, anoxic limestone drains, permeable reactive barriers (Simate & Ndlovu, 2021). For closed and
abandoned mines, passive treatment methods are usually preferred due to the advantages of lower cost to
construct and less labor to maintain. To aid in the selection of the most appropriate treatment system for a site,
flow charts with decision points based on site-specific parameters and other criteria can be used. Trumm (2010)
provides examples of this approach for AMD treatment system selection.
A global study of the chemical composition of AMD from 72 mine sites across 18 countries revealed the high
geochemical variability of AMD sources (Table 1). Most sites are considered to fit within a narrow geochemical
range (Thisani, Von Kallon, & Byrne, 2020).
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Table 1: Summary of AMD source water composition from a global study of 72 mine sites, including many abandoned
mines by Thisani, Von Kallon, & Byrne (2020)
Distribution

pH

Acidity (mg/L)

Aluminum (mg/L)

Sulphate (mg/L)

Total iron (mg/L)

25th percentile (Q1)

0-2.6

0-215

0-11

0-1217

0-40

50th percentile (Q2)

2.6-3.1 215-712

11-56

1217-2444

40-209

75th percentile (Q3)

3.1-4.0 712-1788

56-343

2444-6081

209-988

Abandoned mines may continue to discharge acidic, iron-rich waters, especially from unlined or poorly lined and
uncapped waste rock piles. In underground mines, the voids that were previously kept dry by dewatering can
gradually fill up with water (a process referred to as “groundwater rebound”) until the water level reaches a new
equilibrium with the surrounding aquifer or a hydraulically connected surface water body (Kim & Choi, 2018).
During groundwater rebound, water dissolves the metal ions and sulfates exposed in underground workings,
forming sulfuric acid. In an effort to prevent environmental impacts of AMD in abandoned, underground mines,
Kim and Choi (2018) developed a computer program to simulate groundwater rebound and water movement
between mine workings and outflow sites. The model can aid planning for mine closure and could be expanded
to include geochemical modeling of AMD (Kim & Choi, 2018).
Once sulfide minerals are permanently submerged in water, the oxidation process ceases. The technique of
using water to reduce oxygen contact with sulfide minerals (e.g., sub-aqueous disposal of tailings in ponds) is
referred to as “wet covers” and has been used for decades (Simate & Ndlovu, 2021).

Figure 15: Example of acid mine drainage in Lago Vermelha Area in Brazil (Courtesy of Veríssimo, 2009,
https://commons.wikimedia.org/wiki/File:Lagoa_vermelha_na_Mina_do_Losal_04.jpg)
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2.3.2.2

Metalliferous drainage

As discussed in the previous section, acidic waters can dissolve or leach metals from underground workings,
open-pit mine faces and workings, waste rock piles, and tailings impoundment areas. Unless acid-neutralizing
mineral phases are present in sufficient quantities to buffer the acidity, the drainage water can migrate into
surrounding aquifers, dissolve metals in mineral surfaces along flow pathways, and subsequently affect the
quality of groundwater and surface water in connection with the mine. For example, once drainage water is
aerated, e.g., mixing with river water, iron will oxidize and precipitate out iron into the river sediments
(Johnston et al., 2008). This can have detrimental effects on aquatic ecosystems downstream, particularly in arid
regions where the baseflow of streams and rivers rely on groundwater inflow (Burri, Weatherl, Moeck, &
Schirmer, 2019; U.S. Environmental Protection Agency, 2000).
Pyrite oxidation is the dominant sulfide mineral contributing to AMD; however, there are other metal sulfides,
which do not produce acidity but will release soluble metal ions during dissolution. Examples of these minerals
(and metal ions) include: sphalerite (Zn), galena (Pb), millerite (Ni), greenockite (Cd), covellite (Cu), and
chalcopyrite (Cu and Fe) (Younger et al., 2002).
A recent review of heavy metal contamination of soils and water by Vardhan et al. (2019) describes the toxicity
of copper, cadmium, and zinc, impacts on aquatic systems and human health, and various treatment methods
for the removal of heavy metals. Phytoremediation has been used successfully to remove contaminants from
the environment and has been applied extensively to heavy metal-contaminated water and soils (Ali, Khan, &
Sajad, 2013; Jeevanantham et al., 2019; Sarwar et al., 2017; Wang, Ji, Hu, Liu, & Sun, 2017). Researchers
involved with phytoremediation technology are exploring ways to enhance the process using chemical and/or
microbial amendments, and genetically engineering plants to be more tolerant of metal toxicity, better adapted
to different climates, and produce more metal accumulation (Sarwar et al., 2017).
2.3.2.3

Generation of saline, alkaline, and neutral pH drainage waters

Although acid drainage water is the most significant environmental issue facing the mining industry,
environmental impacts may also occur from the drainage of saline, alkaline, and neutral pH waters (Nordstrom,
Blowes, & Ptacek, 2015). Contaminated neutral drainage (CND) occurs when contaminants, such as As, Sb, Mn,
Se, Ni, and Zn are in solution in the range of pH values between 6 and 9 (Calugaru, Neculita, Genty, Bussiere, &
Potvin, 2016). Neutral metalliferous drainage can occur by several mechanisms. As described in STANTEC (2004),
common mechanisms are: (1) if carbonate minerals are present in sufficient quantities to neutralize AMD, the
resulting drainage water will have near-neutral pH but contain high dissolved metals and sulfate. In this
situation, the acid is consumed, but some metals are not removed (via precipitation) and remain in solution; and
(2) metal leaching in the absence of acid generation, e.g., oxidation of arsenic minerals in gold mine wastes.
There is concern that the environmental effects of drainage waters of large alkaline tailings have been largely
overlooked and investigations are scarce on how aquatic ecosystems are affected by large loads of alkali metals
and alkaline earth cations that are commonly released in addition to trace metals (Gomez-Arias et al., 2021).
Often metals that form anionic complexes at higher pH such as Al, As, Cr, and V will be more soluble in such
solutions.
Rock-water interactions that give rise to circum-neutral to alkaline pH mine waters (above pH of 9) are discussed
in Nordstrom et al. (2015) and Banks et al. (2002). Although less common than ARD, circum-neutral, high salinity
drainage waters were observed, for example at many coal mine sites on the South African Highveld (Azzie,
2002), due to the dissolution of carbonates, silicate minerals, and clays caused by neutralized AMD, and ion
exchange. Banks et al. (2002) similarly describes a range of possible geochemical processes that could give rise
to alkaline mine drainage observed in coal mines in Siberia.
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High salinity, alkaline drainage waters are produced from the weathering of kimberlite tailings from diamond
mining as described in South Africa (Strydom, 2015) and northern Canada (Baker, Blowes, Logsdon, & Jambor,
2001; Hattori & Hamilton, 2008). Alkaline waters are caused by the hydration of olivine in kimberlites to form
serpentine (Hattori & Hamilton, 2008).
Alkaline drainage water is also produced from rainwater leaching of bauxite tailings (Grafe & Klauber, 2011;
Santini, Kerr, & Warren, 2015) and waste rock dumps derived from mining the Phalaborwa Igneous complex of
South Africa (Gomez-Arias et al., 2021). While there is the potential to recycle alkaline waste as reagents to
neutralize acidic industrial wastewater, characterization of the leachates produced is needed to avoid the
release of toxic elements (Gomez-Arias et al., 2021).
Phytoremediation in natural wetlands has been shown to mitigate high metal concentrations in alkaline mine
drainage from silver mine tailings in Canada (Kelly, Champagne, & Michel, 2006); however, the capacity of a
wetland to attenuate metals can change, e.g., diverting wastewater to a wetland causing increased organic load,
which stimulates chemical and microbial reduction reactions that increase the pH (Kelly, Champagne, & Michel,
2007). Saline, alkaline mine drainage is particularly problematic to the environment in the abandoned and active
lead and zinc mining areas in south-eastern Nigeria where sulfate is the dominant anion and Pb exceeds national
guidelines for discharge to groundwater (Ezekwe, Ezekwe, & Chima, 2013). Wetlands are a major sink for mine
drainage for the area, but they have become sources of pollution to the connected surface- and groundwater
(Ezekwe et al., 2013).
A widely used reference for the classification of mine water has been the GARD Guide (2009) by the
International Network for Acid Prevention (INAP). Other classification frameworks have been suggested - see
Opitz & Timms (2016) for a review and suggestions for refinement in a recent study by Thisani (2020). The INAP,
an international organization of mining companies that deal with sulfide mine materials, produced a technical
document, ‘Global Acid Rock Drainage Guide’, which defines acid rock drainage (ARD), neutral mine drainage
(NMD), and saline drainage (SD) based on a compilation of mine water data across a wide range of ore deposits
by Plumlee et al. (1999; Figure 16). According to the GARD classification, a pH of about 6 is the threshold
between ARD and NMD/SD, and concentrations of sulfate and total dissolved solids of about 1,000 mg/L
distinguish NMD and SD (International Network for Acid Prevention, 2009).
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Figure 16: Diagrams to designate ARD, NMD, and SD based on the hydrochemistry of drainage water (modified after
GARD (2009) and Plumlee et al. (1999)). The grey-shaded regions encompass the water sample data from 127 sites in the
United States (114 mine drainage water and 13 natural water for comparison). The boundaries between water types are
approximate and were adapted in GARD (2009) from Plumlee et al. (1992) and Plumlee et al. (1999).

The Minerals Council of Australia (MCA) produced a ‘Water Accounting Framework for the Minerals Industry,
which defines water quality categories for mine water discharged to the environment (Garstone et al., 2017;
Minerals Council of Australia, 2014). The MCA water quality categories are assigned according to the decision
tree shown in Figure 17 and the categories refer to potable water standards as the benchmark for water quality.
As with the other mine water classification frameworks, this one is intended to provide a simple means for
communicating mine water quality and identifying the level of treatment effort accordingly.
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TDS < 1000 mg/L
Y

N

4 < pH < 10
Y

N

Constituents (e.g. metals) in
concentrations that are not
harmful to human health?
Y

Y

Y

Y

Category 3

Constituents (e.g. metals) in
concentrations that are not
harmful to human health?

Y

Y
Category 2

Category 2

N
Category 3
N
Category 3

N
Category 3

N

Does it contain none or only
traces of pesticides, herbicides or
other anthropogenic chemicals?

Category 1

4 < pH < 10

N

Turbidity: water clear after
treatment in sedimentation
ponds?

Y

Y

Category 3

N

Coliforms < 100 cfu/100 mL

6 < pH < 8.5

TDS < 5000 mg/L

Category 2

N
Category 2

N
Category 2

Figure 17: Decision tree to assign a water quality category (modified after Minerals Council of Australia (2014)). Category
1 water is of high quality and may require minimal and treatment, whereas Category 3 water is of low quality and would
require significant treatment to remove total dissolved solids (TDS), neutralize and disinfect.

2.3.2.4

Nitrogen compounds in drainage water from explosives

A major source of ammonium and nitrate is explosives used to fragment rock into smaller sizes. The mining
industry uses large amounts of explosives for blasting, which leaves behind residues containing N species and
other compounds on waste rock piles. Additionally, nitrogen is released into the environment when rainwater or
other sources of water come into contact with undetonated explosives, i.e., from the incomplete detonation of
explosives left in rock piles (Bailey et al., 2013; Häyrynen et al., 2009; Hendry et al., 2018; Pommen, 1983).
Nitrogen compounds in the environment can have detrimental effects on aquatic environments through
eutrophication and oxygen deficiency, as well as ecotoxicological effects on aquatic organisms (Karlsson &
Kauppila, 2016).
2.3.2.5

Naturally Occurring Radioactive Materials (NORM)

Radionuclides occur naturally in the environment, e.g., uranium, thorium, and potassium, and their decay
products in metal ores and non-metal minerals. While naturally-occurring radioactive materials (NORM) can
occur at low concentrations, mineral extraction, manufacturing, and water processing can increase the potential
for human and/or environmental exposures – these are referred to as Technologically Enhanced Naturally
Occurring Radioactive Material (TENORM) (U.S. Environmental Protection Agency, 2008). In a study to quantify
NORM in different industries in Australia, Cooper (2005) reviewed NORM levels present in mining and mineral
processing from the mineral sand industry (including phosphate mining), alumina production, tantalum mining,
tin smelting, and copper production. Historical options for disposing of NORM and TNORM wastes include onsite landfills, down-hole in former wells, mine tailing dams, and near-surface disposal on the mine site (Radiation
Health & Safety Advisory Council, 2005). Leaching of NORM and TNORM can transport radionuclides to surface
water and groundwater unless suitable waste disposal and remediation technologies are used (Rahman,
Elmesawy, Ashour, & Hung, 2014).
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2.3.2.6

Cyanide leaching

Cyanide has a long history of use in mining, particularly in the recovery process of precious metals, including
gold, silver copper, and zinc worldwide (Woffenden et al., 2008). According to the International Cyanide
Management Institute (2018), approximately 6% of the 1.1 million metric tons of hydrogen cyanide produced
annually is used to produce cyanide reagents for gold and silver processing. Approximately 90% of major mining
operations globally use cyanide for the extraction of gold and silver (Mudder & Botz, 2004), and the Australian
mining industry uses about 80% of the cyanide produced in Australia (Woffenden et al., 2008).
Alternative lixiviants to cyanide have been investigated due to its high toxicity, increasing regulatory limits, and
less optimal results with low-grade ores (Oraby, Eksteen, & O'Connor, 2020). Most recently, there have been
improvements in leaching rates for gold using glycine and a strong oxidant (potassium permanganate) as an
alternative to cyanide (Oraby et al., 2020). Nevertheless, due to the long-term, historic use of cyanide in mining,
there is the potential for geo-environmental risks to persist at abandoned mines where cyanidation processing
occurred
Due to concerns about spills and the use of cyanide in gold mining, a code of best practice and a voluntary
program were developed for companies producing gold by the cyanidation process (Greenwald, Bateman, &
Adams, 2016). In Australia, releases of cyanide compounds in 2019/2020 from metal ore mining were
approximately 6620 kg to land (54 facilities) and about 270 kg to water (3 facilities) as reported in the National
Pollutant Inventory (2021) -- the reported releases of cyanide to land include emissions to groundwater,
whereas emissions to water refer to discharges to surface waters. Emissions to land could be in the form of solid
wastes, slurries, and sediments or due to spills and leaks. In a review of cyanide handling and management
related to gold mining, Woffenden et al. (2008) indicate that the main causes of cyanide impacts on the
environment are due to poor water management (e.g., dam failure; dam overtopping), pipe failure, and
transport accidents on site.
Sources of cyanide at abandoned sites include, (1) cyanide-containing ponds, (2) spills of cyanide solution, and
(3) cyanide leachate from the process or waste units (U.S. Environmental Protection Agency, 2000). Natural
degradation of cyanide does occur in the environment, there are treatment methods to reduce the toxicity, and
there are procedures for the recovery and recycling of cyanide (Logsdon, Hagelstein, & Mudder, 1999).
Detoxification and reclamation processes for cyanide exist, and most residual cyanide in closed heaps will be
strongly complexed with iron (U.S. Environmental Protection Agency, 2000). However, there are environmental
risks: for example, at a former gold-silver mining operation in Cyprus, Lortzie et al. (2015) found that some 70
years after closure, samples from tailings contain cyanide at concentrations that exceed permissible limits for
soil concentrations. At the abandoned Croydon-Au mines in Queensland, cyanide heap leaching was utilized
about 37 years ago, resulting in three heap leach piles, which remain on site. A characterization study of the
heap leach materials by Parbhakar-Fox (2016) revealed that the former use of cyanide as a lixiviant preconditioned the formation to facilitate the mobilization of lead, which has been measured in leachate emanating
from the waste piles at concentrations that exceed guideline values. Further research on the stability of metalcyanide complexes is needed to understand the potential risks of metal leaching from heap leach residues.
2.3.2.7

Mining pit lake chemistry

Once dewatering ceases at an open-pit mine, groundwater can rise into the mining void and create an artificial
lake, commonly referred to as a mining pit lake. In some cases, a surface mining void may have been partially
backfilled with waste rock, but a pit lake can form if the water table intersects the void. Unlike natural lakes, pit
lakes generally have a low diameter-to-depth ratio (Younger et al., 2002). Vertical stratification of the water
column in pit lakes is a common feature due to pit lakes being generally quite deep relative to their width, which
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gives rise to large changes in the hydrochemistry and density with depth (Bowell, 2002; Castro & Moore, 2000).
The processes leading to different water layers defined by their chemical characteristics, and the frequency and
depth of seasonal mixing periods are important factors to understand for remediation planning (Castendyk et
al., 2015).
In a natural lake, temperature-related density stratification can occur, i.e., in summer due to warm, less dense
water resting above colder, denser water. Water density varies as a function of both temperature and salinity. In
northern climate zones in natural lakes, the surface water temperatures can decrease to 4 °C (maximum water
density) during the cooler seasons, resulting in seasonal overturn as the colder water at the surface descends to
the bottom of the lake (Bowell, 2002). Lake stratification also arises due to the lack of mixing between high
salinity (high total dissolved solids content) water and fresher water at the surface. In dry regions, where net
evaporation exceeds precipitation, evapo-concentration is likely to further increase the lake salinity overall
(Johnson & Wright, 2003). The lower portion of a stratified lake can also have low concentrations of dissolved
oxygen.
The local groundwater, inputs from surface runoff, and composition of the wall rocks are among the factors that
control the hydrochemistry of mining pit lakes. Understanding the potential for remediation and beneficial enduses of mine pit lakes requires insight into the hydrology, biogeochemistry, and limnology of these systems.
Advanced pit lake models that integrate different processes have been developed to predict future water
quality, for example, in response to seasonality, remediation strategies, mixing with river inflow (Castendyk et
al., 2015; Newman, 2020; Salmon, Hipsey, Wake, Ivey, & Oldham, 2017).
Pit lakes are a common concern for open-cut mine closure planning. Mine pit lake modeling can help with
predicting water quantity and quality to assist closure strategies, and there is also a range of strategies and
water treatment options to consider for enhancing end uses (Gammons, Harris, Castro, Cott, & Hanna, 2009).
Landscape changes to the steep profiles of open-pit mines are advisable before operations and dewatering
cease as it will lessen the opportunity for AMD to develop (Castro & Moore, 2000), and it is more difficult to
reshape the land if the pit contains water. An example of well-planned rehabilitation and repurposing of pit
voids to create a recreational facility is the Rotherham County Park in the UK: rehabilitation involved reshaping
the slopes and lining with an impermeable layer of compacted clay to prevent water leakage and acid mine
leakage (Hunt, 2013; McCullough, Hunt, Evans, Castendyk, & Eary, 2009). Chemical treatments of pit lakes are
generally needed to alter the pH and avoid AMD. Gammons et al. (2009) provide a review of chemical, biological
(aerobic and anaerobic) treatments that are commonly used.
The potential for beneficial use of pit lakes depends on what is needed or desired by stakeholders and what is
possible, given the pit lake’s characteristics, including water treatment requirements (Vandenberg & Litke,
2018). Where water resources are scarce, seeking opportunities to reuse pits for water storage is particularly
attractive. The Collie Basin in Western Australia has numerous pit lakes − as of 2009, the estimated total volume
of water in Collie pit lakes (n=15) exceeded 40 GL (Zhao, McCullough, & Lund, 2009). The lakes in the area,
commonly referred to as the ‘Collie Pit Lake District’, tend to have low pH, low nutrients, and some elevated
metal concentrations (Kumar, McCullough, & Lund, 2009; Lund, McCullough, & Kumar, 2012). The time and
interventions required for acidic pit lakes in the Collie Pit Lake District to reach circumneutral have been the
topic of considerable study (Lund et al., 2020).
In a review of beneficial use of pit lakes (post-mining), McCullough et al. (2020) provide examples of different
end-uses, e.g. fishery, wildlife, recreation, water, and waste storage, for 170 pit lakes worldwide. In Northern
Australia, the Argyle Diamond Mine, which closed in late 2020, features a 600 m deep, pit void (AK1). The most
appropriate closure option for AK1 is a pit lake, according to Johnson & Wright (2003). A Human Health and
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Environmental Risk Assessment was undertaken by McCullough & Sturgess (2020) indicated that the AK1 pit lake
will present a very low and localized risk, best suited to being used as a water management structure.

2.4 Main findings
A brief overview of the main geotechnical and hydrogeochemical issues associated with abandoned mines was
presented in this section. Identifying these hazards is needed for the development of any classification system
for the prioritization of abandoned mine sites for rehabilitation and for any characterization of the mine sites for
potential post-mining applications. The inventories of abandoned and inactive mines shall include any feature
which can impose a hazard and risk. Among the main geotechnical issues associated with abandoned mines are:
•
•
•
•
•

Slope instabilities and the instability of waste and tailing dams as well as spoil piles
Ground compaction, and swelling due to active minerals
Collapses of mine entries and shafts
Collapses of the abandoned mining voids and stopes
Abandoned mine subsidence

The surface instabilities are often visible and can be monitored. However, the instabilities associated with
abandoned shallow mine workings cannot easily be identified. Such instabilities often significantly damage the
surface structures and infrastructure and threaten the safety of the humans and animals in residential areas
close to abandoned mine sites.
Among all minerals and commodities, coal has widely been extracted from both open-cast and underground
mines in Australia. The instabilities of the old coal mine workings and the associated surface subsidence have
been a challenging issue in areas like Newcastle, NSW, and Ipswich, QLD.
The hydrogeochemical hazards associated with abandoned mine workings may also impose significant risks.
Depending on the sizes of the mining operation and the type of mining method, the hydrogeochemical risks may
vary. The following are some of the main sources of land and water contamination in abandoned mining areas:
•
•
•
•
•
•

Acid mine drainage
Metalliferous drainage
Formation of saline, alkaline, and natural pH drainage waters
Nitrogen compounds in draining water from explosive materials
Naturally occurring radioactive materials
Cyanide leaching
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3. Geological framework and natural hazards
3.1 Introduction
Investigating the geological aspects of abandoned and inactive mines is a fundamental step for identifying the
risks associated with legacy mine sites. For instance, Worrall et al. (2004) and McNally & Francis (1996)
discussed natural coal combustion as a geological issue associated with the historic and abandoned coal mines
in Ipswich and Newcastle areas, respectively. Having a detailed understanding of geology is also very useful for
identifying the opportunities associated with abandoned and inactive mines. For example, specific geological
formations are suitable for the design of underground storage systems for carbon capture, hydrogen storage,
waste disposal, etc. To find the areas that abandoned mines are suitable for such applications, the database of
abandoned mine locations and information can be integrated with the existing geological databases. Finding
potential areas suitable for testing new mining methods (e.g., In-situ Mining, In-mine Recovery) or for extracting
rare and battery elements are other examples where a decent understanding of the geology can help to find
post-mining opportunities in the abandoned and inactive mine areas. The fusion of abandoned mine data, such
as the one developed by Werner and et al. (2020) with other databases such as Auscope
(https://www.auscope.org.au/) can be an efficient approach for identifying risks and opportunities in
abandoned mine sites. A list of some of the available databases can be found at the website of the Australian
Geoscience Information Association Inc (http://agia.org.au/resources/databases/). This section will, therefore,
provide an overview of the application of abandoned mine data in conjunction with other geological information
to identify the post-mining risks and opportunities.
In broad terms, the geology and age of rocks of a region have an impact on commodities that might occur. For
example, 1) iron ore associated with banded iron formations are only present in Archean and Palaeoproterozoic
rocks, 2) coal only occurs in Palaeozoic sedimentary rocks, and 3) vein-hosted gold in orogenic belts that are
linked to global tectonic cycles (Cawood & Hawkesworth, 2015).
However, regional geology is often not included in prioritization criteria of abandoned mines, but can provide a
framework to aid 1) reducing the search area for potential geological risks of abandoned mines related to a
particular commodity or mining type, and 2) in the selection of demonstration or test sites for new technologies.
In this section, we focus on continental-scale geological provinces. It is envisaged that framework and in-mine
information, if captured in a national database, could be interrogated (together with other parameters), and
assessed in a semi-automated to automated approach in order to identify or predict, e.g., regions of elevated
risks (environment, human) due to high-density historical mining, or mining districts favorable for testing new
technologies.
In Australia, geological provinces are comprised of cratons, sedimentary basins, and orogenic belts, which are
subdivided by geological age (Figure 18). Each province might have specific geotechnical and hydrogeochemical
issues due to the geological architecture in combination with climate, which includes depth and style of
mineralization (relates to mining method), and water-rock interaction (relates to climate zone, hydrology). To
use geological provinces in the context of mining, we focus on the geology present within the depths that mining
and exploration occur. However, the use of geological provinces should be treated with caution since mining
might have been targeting geology beneath cover (defined as geological units above targeted geology). The
quality of data available on the interpretation of depth of target geology (depth of cover) varies greatly across
Australia but is improving rapidly.
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This section of the report aims to provide an overview of the geological provinces and represent a framework
for the risk and opportunity assessment of abandoned mines. It will present examples of naturally occurring risk
factors (e.g., earthquakes, flooding, fires, radiation) that have led to human and environmental disasters, often
in combination with mining-induced risks (e.g., acid mine drainage, structural failures, explosions). The type of
geological province is often related to particular commodities that are mined, which will be discussed for each
province. However, due to the lack of a national database, the information on active and abandoned mining
varies across states or territories.

Figure 18: Geological provinces of Australia map (Geoscience Australia, 2013) and location of mines across Australia
(Werner & et al., 2020). Grey-colored regions – cratons, green-colored regions – orogenic belts, blue- and brown to
yellow-colored regions – sedimentary basins

3.2 Abandoned mines in Australian cratons
Cratons in Australia are commonly defined as an assemblage of igneous intrusions and orogenic belts emplaced
and deformed during the Archean and Proterozoic ages. In this study, we only apply craton to geological
provinces containing Archean core complexes (Gawler - SA, Yilgarn - WA, Pilbara – WA; Figure 21). Cratons are
likely to extend beneath the surface, and relicts of Archean rocks can occur in regions now dominated by
younger greenstone belts or sedimentary basins.
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The Yilgarn Craton is dominated by granites and gneiss complexes and north-trending greenstone belts, which
represent structural corridors of a complex of amalgamated geological older terranes (Betts, Giles, Lister, &
Frick, 2002). The Pilbara Craton comprises highly deformed granites and greenstone belts and extends beneath
the North West Shelf and is covered by the Hamersley Basin (Betts et al., 2002). The core of the Gawler Craton is
dominated by Archean granitoid complexes but Palaeo- to Mesoproterozoic intrusive and volcano-sedimentary
deformed rocks are also included in the craton, which results in overlaps in classification schemes used in this
study.
Major commodities mined in cratons are gold, copper, and nickel, of which the Yilgarn Craton in WA forms one
of the largest mining regions in Australia. Werner’s database (Werner & et al., 2020) contains ~80,000 inactive
mine sites across Australia, of which ~20,000 (25%) are classified as inactive gold mines in the Yilgarn Craton
(Figure 19a). Another database on abandoned mines provided by the Geological Survey of Western Australia
(Mitchell et al., 2019) contains only a fraction of abandoned mines in comparison (Figure 19b), but the level of
detail particularly around mining type and condition of mine is one of the most comprehensive databases in
Australia.

Figure 19: Geological province map (Geoscience Australia, 2013) of the Yilgarn Craton, WA showing differences in
databases - a) distribution of abandoned gold mines based on Werner (2020) and b) distribution of abandoned gold
mines by Mitchell et al. (2019)

The Western Australian database on abandoned mines (Mitchell et al., 2019) is one of the most comprehensive
in Australia, including data on mine type or condition of mine. For the purpose of this report, we extracted mine
features related to gold mining across the Yilgarn Craton and compared the data with the national database by
Werner and et al. (2020). While the geographically smaller distribution of abandoned mines across the Yilgarn,
the data density is larger with mapping e.g., ~35,000 shallow workings, ~10,000 underground mines ~7,000
opencut mines, and ~8,000 collapsed shaft features (Figure 20). The database also shows important features
such as rehabilitated mines and collapsed shafts, which both are significant with regard to post-mining
landscapes and risks. The disparity between the databases highlights the need for harmonization nationally in
order to establish a national prioritization scheme.
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Figure 20: Geological province map (Geoscience Australia, 2013) showing categories within abandoned gold mines based
on Mitchell et al. (2019) highlighting regions of potential risk related to structural damage – see collapsed shafts

3.2.1

Examples of natural risks – arsenic in soils and groundwater

A common element occurring with sulfides and often gold deposits is arsenic, which upon weathering can be
concentrated in soils and groundwater and create a natural environmental hazard. The most common rock types
containing arsenic (pyrite, arsenopyrite, arsenides) are organic-rich sedimentary rocks and gold mineralized
rocks in orogenic belts, which are therefore used as an exploration tool for gold globally. The release of arsenic
into groundwater is caused by complex biogeochemical interactions (e.g. oxidation of sulfides) and is of greatest
concern in sedimentary aquifers (Herath, Vithanage, Bundschuh, Maity, & Bhattacharya, 2016). Such natural
environmental impact is often elevated in regions of active gold mining due to excavation and crushing of
arsenic-bearing rocks, releasing arsenic into the groundwater and soil (Straskraba & Moran, 1990). It can lead to
major environmental problems commonly described as acid mine drainage (see Section 2.3.2).

3.3 Abandoned mines in Australian orogenic belts
Orogenic belts (Figure 21) are commonly sedimentary and volcanic rocks that were metamorphosed and
deformed during continental- to global-scale tectonic events. They are structurally highly complex and host
provinces to most economic deposits. In Australia, orogenic belts are Palaeoproterozoic (e.g. Halls Creek,
Granites Tanami, Pine Creek, Albany Fraser), Mesoproterozoic (e.g. Mt Isa, Etheridge), and Palaeozoic (e.g.
Lachlan, New England, Paterson, Delamerian; (Betts et al., 2002)).
Major commodities mined in orogenic belts are gold, copper, zinc, lead, but these belts host a wide range of
other metals such as tin, tungsten, and lithium. One of the main gold-producing regions in Australia outside the
Yilgarn Craton is the Victorian goldfields. The Victorian goldfields are part of the Lachlan Orogen of the
Palaeozoic age, where gold was and is mined in gold reefs and in Quaternary palaeo-channels (Figure 21).
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Figure 21: Geological province map and abandoned gold mines in the Lachlan Orogen, Victoria (Geoscience Australia,
2013; Werner & et al., 2020) in densely populated regions near Melbourne

Orogenic belts are also tightly linked with copper mining, such as the Mount Isa Orogen in Queensland (Figure
22). Mount Isa Mine is one of the major copper-producing mines in Australia and has been producing for about
100 years. Mining operations are opencut and underground with shafts extending underneath the nearby town
of Mt Isa.

Figure 22: Geological province map and abandoned copper mines in the Mount Isa Orogen, Queensland (Geoscience
Australia, 2013; Werner & et al., 2020) in structural complex regions (black lines fault lines)

Orogenic belts are often hosting to polymetallic mineralization, where copper, lead zinc, and silver are mined
concurrently. An example of such mines is in the Delamerian Orogen in western Tasmania, where historical
mining occurred in the region around Zeehan and Queenstown (Figure 23). In all three examples, historical
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mining occurred in places near towns or communities that mostly formed due to mining, but have also been
environmentally impacted by such.

Figure 23: Geological province map and abandoned copper, lead, and zinc mines in the Delamerian Orogen, Tasmania
(Geoscience Australia, 2013; Werner & et al., 2020) surrounded the Tasmanian Wilderness world heritage region

3.3.1

Examples of natural risks – earthquakes

Although major earthquakes are rare on the Australian continent, the risk remains as recently (September 21,
2021) seen in the 5.9 magnitude earthquake near Melbourne. In 2018, Geoscience Australia published a series
of probabilistic seismic hazard estimates as part of the national seismic hazard assessment (Allen, 2018). In
general, the chance of an earthquake happening is low to very low (<2%), but the generated maps highlight the
regions of seismic activity (Figure 24). Such regions are often associated with structurally complex orogenic
belts, particularly in Victoria, Western Australia, and South Australia. The northwest is also influenced by seismic
activity related to offshore plate boundaries towards Indonesia.
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(Aydan, Genis, Sugiura, & Sakamoto, 2012)

Figure 24: National seismic hazard map (NSHA18 peak ground acceleration with a 2% chance of exceeding in 50 years;
(Allen, 2018)), geological structures/faults (2.5Mio scale; (Geoscience Australia, 2013)) and abandoned gold (red) and
copper (blue) mines across Australia (Werner & et al., 2020)

A review on the effects of earthquakes on underground mines by Stevens (1977) showed two categories, 1)
primary – displacement of faults within the underground mine and subsequent damage, and 2) secondary –
passage of elastic waves leading to damage. The damage due to shaking is far less critical as slippage and
displacement of faults within the mine. In surface mining – such as open-cut – earthquakes might have a larger
impact due to slope failures and subsequent landslides depending on the rock properties (Lenhardt, 2009). In
other words, earthquake-induced damage in underground structures is unusual, but possible (McClure, 1982).
Barton (1984) and Dowding & Rozan (1978) mentioned that there exist several reasons that why earthquakeinduced damages are in much smaller scales in underground excavations in comparison to the surface
structures. The main reason is that the predominant surface waves (Rayleigh waves) decline at an almost
exponential rate with depth. In subsurface incident and reflected waves interfere so that the total amplitude
often diminishes. There is also often a general tendency for increasing modulus with depth which means a
higher wave speed. The small excavation dimensions relative to the predominant wavelengths and general wave
de-amplification with depth also results in the reduction of damage to the underground excavations. Overall,
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surface mines are at a much higher risk of being affected by earthquakes compared to underground mines
(except when intersecting active faults occur).
An example of implementing measures on reducing risks due to seismic activity is the Beaconsfield mine
collapse in Tasmania. An earthquake of 2.3 magnitudes caused a rockfall in the Beaconsfield gold mine in
Tasmania and led to one fatality. As a result, geotechnical instrumentations were installed for monitoring stress
changes and displacements during stoping and allowing adjustments in mine planning (Penney, Hills, & Walton,
2008). Further, a fully remote extraction method was developed to reduce human risks (Hills, Mills, & Penney,
2008).
Aydan and his team have also investigated the effects of earthquakes on the stability of shallow abandoned
room and pillar mine workings in the Tokai region in Japan. Outcomes of these analyses showed that depending
on the magnitude and duration of the earthquake and the depth of the mine workings, an earthquake can
damage the abandoned mines and causes surface subsidence (Aydan, Ohta, Geniş, Tokashiki, & Ohkubo, 2010;
Aydan & Tano, 2011; Genis & Aydan, 2008).

3.4 Abandoned Mines in Australian Sedimentary Basins
The majority of the Australian continent is covered by sedimentary basins (Figure 21) as old as the Neoarchean
age. However, there is a low density of mines in relation to the geographic extent of a sedimentary basin in
general.
The oldest preserved sedimentary basins in Australia are in Western Australia (e.g., Hammersley, Edmund,
Collier) and overlie the Pilbara Craton. The Palaeo- to Mesoproterozoic greater McArthur Basin (e.g., McArthur,
Birrindudu, South Nicholson, Betaloo) forms the largest, mostly undeformed basin across northern Australia.
The partly-deformed Neoproterozoic Centralian Superbasin (e.g., Amadeus, Officer, Georgina, Adelaide) covers
most of Australia west of the Tasman Line. Often overlying the Neoproterozoic basins are Palaeozoic basins
(e.g., Canning, Cooper, Arowie) and Mesozoic basins (e.g., Eromanga, Surat, Bowen, Murray). Cenozoic basins
often cover all geological provinces of Australia and are host to many secondary-derived mineralizations and the
associated mining.
Major commodities mined in sedimentary basins are coal, iron, zinc, lead, gold, opal, and heavy mineral sands
and are host to a wide range of other commodities such as uranium, phosphorus, salt, potash, hydrocarbons.
Mineral deposits in sedimentary basins are often bulk commodities and are mined across large regions at the
surface and depth. Secondary processes at the present-day surface or near-surface led to enrichment or
mineralization of metals and non-metals, such as iron, gold, uranium, opal, and heavy mineral sands. Mining of
these commodities at the surface or near-surface is often followed by a transition to underground mining at
depth. Further, the age of sedimentary basins can play a role in commodity presence and can predetermine
natural risks associated with it. For example, coal is only found in Phanerozoic sedimentary rocks deposited
under specific geological conditions. In Australia, coal mining mainly occurs in Permian and Tertiary rocks,
therefore such basins pose a naturally higher risk for coal fires (see next section). An example of extensive coal
mining is the Bowen Basin ins Queensland (Figure 25a) with as many active coal mines as inactive mines.
The largest export commodity is iron ore, which mostly occurs in Palaeoproterozoic sedimentary rocks as
banded iron formations in the Hammersley Basin overlying the Pilbara Craton. There are currently more active
mines than inactive in that region (Figure 25b).
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Figure 25: Geological province maps and abandoned mines – a) Bowen Basin coal abandoned (dark squares) and active
(light squares) mines, and b) Hamersley Basin iron ore abandoned (dark squares) and active (light squares) mines
(Geoscience Australia, 2013; Werner & et al., 2020)

3.4.1

Examples of natural risks – coal fire

Coal fires rank as the highest natural risk in mining globally and are caused by spontaneous combustion due to
oxygenation of coal seams, coal storage, or waste piles (Kuenzer, Zhang, Tetzlaff, et al., 2007). The danger with
coal fires is their longevity and spatial extent. In China, coal fires in the Wuda region have been ongoing since
1961 and were caused by exposure of coal seams during mining activities. The environmental impacts include
land subsidence and gaseous emissions such as methane, sulfur dioxide, and carbon monoxide (Kuenzer, Zhang,
Tetzlaff, et al., 2007). Natural coal fires may extend across several hundreds of kilometers, such as those
documented in the Powder River Basin, USA. Coal beds are either self-combusting when exposed to air or ignite
due to wildfires (Heffern & Coates, 2004). One of the most significant impacts on humans is the coal fires of
Centralia, USA that started in 1962 and led to major subsidence in the early 1980s (Nolter, Vice, & Aurand,
2007). The town of Centralia was abandoned and the community displaced as a result of the uncontrollable
fires. In recent years, the detection and monitoring of coal fires have been aided by remote sensing using a
range of spectral imagery in combination with geological knowledge and risk assessment of a region (Kuenzer,
Zhang, Li, et al., 2007).
The occurrence of naturally burning subsurface coal at the Burning Mountain near Wingen, in NSW, Australia,
has been known for over 180 years. According to the literature, this was discovered in 1828 by a farmhand
named Smart, and the first recorded observation was made by Archibald Little in the same year (Ellyett &
Fleming, 1974). McNally & Francis (1996) also investigated two shallow abandoned coal collieries in the
Newcastle Coal seam which were on fire for over two decades. They mentioned that coal combustion in
abandoned mines can result in ground scorching, surface subsidence, the fracturing of the overlaying strata and
fissuring, as well as the emission of toxic and explosive gases. In addition, the recent coal fire of Hazelwood
open-cut mine in Victoria was caused by bushfires and lasted 45 days, creating a decrease in air quality and
surface covered ash in surrounding populated areas impacting local residents (Jones, Lee, & Maybery, 2018).
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3.5 Main findings
This section provided an overview of the abundance of abandoned mines related to geology that can aid in
identifying opportunities to extract rare elements or to find inactive, former mine sites for testing new mining
methods. The description of associated hazards will provide context for any future work on inventorying
abandoned mines for reuse (e.g., awareness of the potential for earthquakes), and for the prioritization of
rehabilitation (e.g., regions prone to an elevated risk of arsenic contamination of groundwater and soil; regions
prone to coal fire). Briefly, some of the major findings are:
•

Coal fires rank as the highest natural risk in mining globally and the environmental impacts include land
subsidence and gaseous emissions such as methane, sulfur dioxide, and carbon monoxide.

•

Major commodities mined in cratons are gold, copper, and nickel, of which the Yilgarn Craton in WA forms
one of the largest mining regions in Australia.

•

The risk of earthquakes in Australia is relatively low, and regions of seismic activity are often associated
with structurally complex orogenic belts, particularly in Victoria, Western Australia, and South Australia.
Earthquake-induced damage in underground, mining-related structures is unusual and much smaller scale
compared with surface structures. Geotechnical instrumentations can be used to monitor stress changes
and displacements to aid planning for risk reduction in seismically active areas.

•

Although the majority of the Australian continent is covered by sedimentary basins there is a low density
of mining activity in these areas. Major commodities mined in sedimentary basins are coal, iron, zinc, lead,
gold, opal, and heavy mineral sands and are host to a wide range of other commodities such as uranium,
phosphorus, salt, potash, hydrocarbons.
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4. Existing Risk Assessment and Prioritisation Tools
and Databases for Abandoned Mines
This section provides a review of numerous efforts conducted over several decades to develop systematic
approaches for the characterization and prioritization of environmental risks associated with abandoned mines
in Australia and Internationally.

4.1 National examples
In Australia, the governments for individual states and territories have developed or are developing their
inventories of abandoned mines and features. The approaches being used for the classification, prioritization,
and risk assessment of abandoned mines are described on various government websites and in reports and
publications of these jurisdictions. Some of the more readily accessible public documents describing approaches
are available for Queensland (e.g. Hall (2021) and Anon (2018)) and Western Australia (e.g. Anon, (2016a,
2016b), Langford, Ormsby, and Howard (2003), and Ormsby, Howard, and Eaton (2003)).
In addition, interviews were held with several representatives of abandoned mine programs from each
Australian jurisdiction, except the Australian Capital Territory, to further inform this review study; however due
to confidentiality reasons, specific comments and acknowledgment of these discussions cannot be made here –
interview discussion notes were circulated with the interviewees for confirmation of statements made and will
only be made available to CRC TIME for future planning (in confidence).
Initial studies to document abandoned mine programs internationally and by jurisdiction within Australia were
conducted by Unger (2010; 2013) and Unger et al. (2012). Figure 26 shows the first publicly available record of
abandoned mines in Australia (Unger et al., 2012), but more recent work has updated this catalog (e.g. Werner
and et al. (2020)). The early work by Unger identified the Canadian province of British Columbia as a leading
practice benchmark for its risk management program for abandoned mines (Unger, 2015; Unger, Lechner,
Kenway, Glenn, & Walton, 2015). Figure 26 shows one of the first attempts to compare abandoned mine
databases by jurisdictions in Australia (Unger, 2013).
Based on government agency interviews the information in Table 2 seems to be outdated; however, it is worth
reviewing the essential data that should comprise an abandoned mines inventory. Such information is needed
for the prioritization of abandoned mines for rehabilitation and especially for identifying any post-mining
opportunities and future innovative land use applications. At a minimum, the database should list the location,
commodity, mine type (e.g. underground, open pit, etc), size of commodity, physical size or footprint, start and
end dates of mining activity, processing methods, and whether the lease boundary is present (Unger, 2013). The
next section describes more recent advancements in the abandoned mines inventory outlined for Western
Australia as an example of existing national databases. There are other national inventories and prioritization
approaches such as those developed by QLD and NSW. Further details related to these can also be found in the
relevant literature (Anon, 2022; Hall, 2021).
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Figure 26: Feature records for abandoned mines for each state and territory as of July 2011 (from Unger et al. (2012) and
used with copyright permission from Corinne Unger)

Table 2: A summary of the information exists in abandoned mine databases in different states and territories, in
Australia (from Unger (2013) and used with copyright permission from Corinne Unger)

4.1.1.1

Western Australia

There are several different local inventories of abandoned mines and prioritization and classification methods
developed by different States, in Australia (Anon, 2022; Hall, 2021; Mitchell et al., 2019; Ormsby et al., 2003).
Among these different approaches, the WA abandoned mine inventory and classification method have very well
been presented and discussed in the literature available in public domains. Therefore, in this section, we just
review the WA database and classification scheme as a national example.
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The WA Abandoned Mines Program was formally started after the release of the Abandoned Mines Policy by the
Western Australian government in January 2016 (Mitchell et al., 2019). One of the main aims of the program has
been to build a framework to actively identify and prioritize high-risk abandoned mine site features. This is
needed to investigate the associated human health safety and environmental risks and to provide appropriate
controls through suitable management practices and/or site rehabilitation. It is also notable that the program
tries to reserve the residual mineral value for potential future extraction at each abandoned mine site.
The current abandoned mine policy for WA (Anon, 2016a) is outlined in Figure 27, which includes a three-stage
process of preliminary screening, risk assessment, and prioritization (Figure 28) (Mitchell et al., 2019).
A critical part of this risk assessment and prioritization framework is the Abandoned mine sites database. The
process of building this inventory was started in 1999 (Ormsby et al., 2003). The initial purpose of the project
was to characterize the historic sites and those that were closed before 1990. The main objectives of the project
were to precisely locate, and document abandoned mine sites, to identify public safety and environmental risks,
and to measure potential heritage value. The database of the abandoned mine features can, also, be used for
mineral exploration and land use planning. For example, the abandoned mine database can be used for
identifying mineral resources, or areas that might be suitable for the exploration of rare elements. The
inventorying of abandoned mine features can also offer benefits to studies of species’ habitats. For example,
Moro (2018) assessed the environmental value of abandoned vertical mine shafts for species of cave-dwelling
bats across the Goldfields region of WA.
A ‘feature’ is one recorded item such as an open pit or a shaft and many features may be recorded at one mine
site (Anon, 2016b). For a full listing of the mine site features and descriptions, see Mitchell et al. (2019).
According to this publication, no new data has been added to the WA inventory since 2011, which contains over
192,500 abandoned mine features (Mitchell et al., 2019) for about 11,400 abandoned mines (Anon, 2016b).
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Figure 27: Abandoned Mines Policy Measures in WA (Anon, 2016a)

Figure 28: Description of the three-stage process, which are a foundation of the Abandoned Mines Policy for WA shown
in Figure 27 (from Mitchell et al. (2019) and used with copyright permission from Tara Read, General Manager of the
Abandoned Mines Program)

Further details related to the risk assessment approach used by the WA government for the management and
prioritization of abandoned mines can be found in Mitchell et al. (2019). An example of the risk assessment tool
is shown in Figure 29 that depicts scores for each feature against different hazards (e.g., steep vertical drop,
falling material) and risk modifiers (e.g., location, accessibility). The risk tool is used to develop a summation of
scores to determine the potential risk category (significant or insignificant) used for decision making and
management.
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Figure 29: Example of hazards, risk modifiers, and total risk scores for feature types (from Mitchell et al. (2019) and used
with copyright permission from Tara Read, General Manager of the Abandoned Mines Program)

4.2 International examples
4.2.1.1

United States

The Ohio Department of Transport has devoted considerable efforts to building an inventory and a risk-based
assessment method where abandoned mines are close to roadways and there is a risk of damage to the highway
(Beach, Nicklaus, & Nicklaus, 2013; Ruegsegger, 1998). The structure of the abandoned mine database shown in
Beach et al. (2013) includes data fields, referred to as evaluation parameters, such as the method of mine
closure (e.g., timber, random, concrete, etc.), average daily traffic, mine opening location, classification of
roadway, minimum overburden, recent dewatering, etc. Calculations used to complete data entries for each
evaluation parameter are recorded in a worksheet for each abandoned mine site along with weighing factors
and a site score. See Beach et al. (2013) for further details of the risk assessment scoring method for abandoned
mines close to highways.
Other US government agencies which address issues related to abandoned mines include the US Environmental
Protection Agency (Ziarkowski, 1998) and the US Department of the Interior Bureau of Land Management
(USBM, 1993). Recent examples of templates for how they have built these inventories are not readily available.
A few historical examples that were examined include the US Bureau of Mines abandoned mine site inventory
form (USBM, 1993) and a flowchart for conducting a preliminary assessment of hazards and actions required for
abandoned mine sites containing tailing and waste detailed in Ziarkowski (1998).
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4.2.1.2

Canada

Different provinces in Canada are responsible for the management of abandoned mine sites. Mackasey (2000)
provides a list of inventories of abandoned mines in Canada by province. One key example is the province of
Ontario where there are numerous, abandoned, underground mining voids and sinkholes that have developed
near infrastructure and residential areas. The province of Ontario utilizes the Abandoned Mines Information
System (AMIS), which is a public database of all known abandoned and inactive mine sites and features
(available at the website of “The Ministry of Northern Development, Mines, Natural Resources and Forestry”
https://www.mndm.gov.on.ca/en). This system was primarily developed for identifying the risks associated with
abandoned and inactive mine features, and for the prioritization of the features for rehabilitation.
AMIS includes information on mine site names, alias names, geographic township, site status, primary
commodity, jurisdiction, mine features, hazard status, class and type, access, and geospatial information.
Several papers document the abandoned mines inventory process used in Ontario (Bolger, Duszak, Koczkodaj, &
Mackasey, 1995; Duszak, Koczkodaj, & Mackasey, 1993; Mitchell & Mackasey, 1995, 1997). The main steps of
characterizing abandoned mines for rehabilitation in Ontario are as follows:
•
•
•
•

Extensive literature review of the abandoned mines in the area,
Field inspection of the sites that have been identified as containing different hazards,
Scoring of the assessed sites and the prioritization of the remedial/rehabilitation actions, and
Risk categorization for implementing remedial activities.

In association with AMIS, is the Abandoned Mines Hazard Rating System (AMHAZ), which was developed
specifically as a risk management tool for mine hazards (Mitchell & Mackasey, 1995, 1997). As depicted in Figure
30, the system considers both technical and socioeconomic factors in the prioritization and risk assessment of
abandoned mine sites.

Figure 30: Flowchart of the main structure of the AMHAZ database developed for the province of Ontario, Canada
(Mitchell & Mackasey, 1997) – copyright permission granted by authors

As described by Mitchell and Mackasey (1997), an expert system underpins the assessment of hazards in
AMHAZ, involving consistency-driven, pairwise comparison technology:
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“Each site is scored in the following areas of concern: Public Safety, Public Health, Environment, Social and
Economic risks. Weights for the above factors have been determined by a pairwise comparisons method. The
heaviest weighting produced by this approach favors public health and safety. AMHAZ will allow the province
to direct resources consistently to the highest scoring abandoned mine sites. AMHAZ also allows decisionmakers to compare short- and long-term remediation cost-benefit options for each site.”
More details about the pairwise comparison method for the hazard rating system are outlined in Duszak,
Koczkodaj, & Mackasey (1993).
Separate to the initiative in Ontario is a database developed by the Canada Centre for Mineral and Energy
Technology (CANMET) for the management of abandoned mines as discussed in Betournay (2006). Betournay
(2006) advanced the idea of having abandoned mine databases that have basic site information and 3D mine
reconstruction information to incorporate geology, geomechanics, infrastructure, and other information.
Designation of underground aspects is another useful type of information for stability assessment and for
analyzing the applicability of underground excavations for other applications. The location and details of filled
stopes, the extent of the underground failure, zones of different types of ground support, rock mass quality,
location of bulkheads, main geological structures, etc. are examples of such information that can be shown on
3D maps and be included in the database and risk assessment (Betournay, 2006).
4.2.1.3

The United Kingdom and European countries

Luodes (2013) reviews risk inventory methodologies for closed and abandoned mines in several countries,
including the United Kingdom, Ireland, Spain, Italy, Hungary, and Finland. Luodes (2013) developed the framework
for building an inventory of abandoned mine features, especially tailing dams, and the prioritization method for
the European environment (see Figure 31).

Figure 31: Flowchart for the pre-selection of mining waste facilities which can impose a significant risk for human health,
wildlife, and the environment (adapted and modified from Stanley et al. (2009) and Luodes (2013))
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Luodes (2013) mentioned that the risk assessment flowchart related to tailing dams presented in Figure 31 can
be complemented by the following questions:
1) Is the closed mine waste facility known to have had an incident that has had a serious impact on human
health or the environment?
2) Did the mine work sulfide minerals or produce a waste containing sulfide minerals?
3) Were any of the following produced from the mined mineral - Ag, As, Ba, Be,
Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, Se, Sn, Te, Tl, U, V, Zn or asbestos?
4) Did the mine use dangerous chemicals to process the mined minerals?
5) Is the waste facility a tailings lagoon or a waste heap?
6) Is the area of the tailings lagoon greater than 10,000m2?
7) Is the height of the tailings lagoon >4m within 50m of the facility?
8) Is the area of the waste heap greater than 10,000m2?
9) Is the height of the waste heap >20m?
10) Is the slope of the foundation >1:12?
11) Is there a watercourse within 1km of the mine waste facility?
12) Is there a high permeability layer beneath the mine waste facility?
13) Is the material within the mine waste facility exposed to the wind?
14) Is the mine waste facility uncovered?
15) Is there a human settlement with >100 people within 1km of the waste facility?
16) Is the waste facility within 1km of a water body which is of less than good status?
17) Is there a national reservoir (in Europe Natura 2000) within 1km of the waste facility?
18) Is the waste facility within 1km of agricultural land or livestock?
The French National Institute for Industrial Environment and Risks (INERIS) has also devoted a significant effort
to investigate the issues associated with abandoned mines in France and even to analyzing the applicability of
the abandoned mines for other green and environmentally friendly applications (Al Heib, Didier, & Masrouri,
2010; Didier, 2008, 2009; Didier, Bonneviale, & Guise, 1999; El-Shayeb, Verdel, & Didier, 1997).
The French government has also developed a comprehensive program named, Mining Risk Prevention Plans,
MRPP, for the assessment of the risks associated with the mining environment (Didier & Daupley, 2007). A
program called, Screening, was also established to characterize and assess all mining sites based on their risk
level and identify the most critical sites for the management and rehabilitation (Poulard & Franck, 2008). This
included several stages of ranking. A multi-criteria analysis method based on the ELECTRE’s method (ELimination
Et Choix Traduisant la REalité - ELimination and Choice Expressing the REality) (Rogers, Bruen, & Maystre, 2000)
was developed for the risk assessment and prioritization. Note that the ELECTRE is a multi-criteria decisionmaking method (Figueira, Greco, Roy, & Słowiński, 2013; Figueira, Mousseau, & Roy, 2016; Roy, 1990).
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4.2.1.4

Korea

Abandoned mines and the associated geotechnical and hydro-geo-chemical issues have also been a serious
problem in South Korea (Lee, Mojtabai, Lee, & Song, 2013; Oh, Ahn, Choi, & Lee, 2011; Waltham et al., 2011). In
particular, numerous collapses over abandoned mines have resulted in sinkholes and ground subsidence close to
residential areas in different locations (Figure 32). Waltham et al. (2011) summarized several abandoned mines
collapse in Korea and investigated the geotechnical and engineering geological aspects of the grounds in which
the sinkhole incidents were developed.

Figure 32. Sinkholeover the old Mookeuk gold mine from Waltham et al. (2011) - copyright permission granted by
authors

Significant efforts have been dedicated to developing methods for the assessment of the susceptibility of lands
to subsidence issues (Kim, Lee, Oh, Choi, & Won, 2006; Oh et al., 2011; Oh, Syifa, Lee, & Lee, 2019) and to
prioritize the affected areas for rehabilitation (Kim et al., 2006). Remote sensing methods were often used for
the monitoring and management of the abandoned mine areas and for identifying the critical areas that need
further field investigation. There have also been several studies on the integration of artificial intelligence
techniques and satellite data for producing hazard maps of surface subsidence around abandoned, underground
coal mines (Choi, Kim, Lee, & Won, 2010; Kim, Lee, & Oh, 2009; Lee, Park, & Choi, 2012; Park, Choi, Lee, & Lee,
2012).
These types of methods can be used for identifying the location of critical areas where abandoned mining
incidents may occur (e.g., acid mine drainage, surface subsidence, and ground collapse, tailings dam failures,
and instabilities). In addition, they can be used to manage the data and metadata related to abandoned mines
and to find the best-use case for a specific abandoned mine in a special geological formation and with special
geometry and mining features.

4.3 Main findings
The review indicated that each state and territory government, in Australia, has already developed or is
developing its local inventory of abandoned mines and features. They have also developed their local
approaches for the risk assessment and the prioritization of the abandoned mine sites. WA (Anon, 2016a,
2016b; Langford et al., 2003; Mitchell et al., 2019; Ormsby et al., 2003), QLD (Hall, 2021), and NSW (Anon, 2017,
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2022) have, in particular, done significant work on the development of systematic methods for the prioritization
of abandoned mine features.
There are several mature Risk Assessment and Prioritization Tools and Databases for Abandoned Mines around
the world. Canada and France have in particular devoted considerable effort to developing their inventories of
the abandoned mines and building systematic frameworks for the characterization, risk assessment, and
prioritization of abandoned mine sites for rehabilitation purposes.
European countries, such as France, have already started classifying and prioritizing the abandoned mine sites
for re-using and re-purposing applications. The French National Institute for Industrial Environment and Risks
(INERIS) has done some fundamental works in this area. The proximity of the abandoned mine sites to
communities has been the main factor encouraging researchers to find innovative applications for the
abandoned mine sites in Europe.
Abandoned mines are a serious problem in South Korea and their government has also started using remote
sensing and data fusion techniques for the monitoring and management of abandoned mine sites.
There is significant ongoing research on the rehabilitation and reusing and re-purposing of abandoned mine sites
around the world. The foundation for classification, risk assessment, and prioritization exists. Similar techniques
can be adopted, adapted, and applied for the management of abandoned mine sites in Australia and on a
national scale.
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5. Designing an Australian Database for Abandoned
Mines
This project aimed to examine the feasibility (specification and requirements) for building a database of
abandoned mines in Australia to support risk identification and prioritization; and to identify opportunities for
reuse/repurposing and regions in transition.
A outlined previously there are several mature Risk Assessment and Prioritization Tools and Databases for
Abandoned Mines around the world that adopted for use in Australia. After reviewing various national and
international examples (also see Section 4), we determined that the most suitable database is the one used by
the Canada Centre for Mineral and Energy Technology (CANMET) for the management of abandoned mines. The
reason is this database allows collecting information related to numerous aspects of abandoned and inactive
mine features (economic, social, and environmental). Having access to such a vast type of information can help
to perform a robust risk assessment for the prioritization of sites for rehabilitation. The framework proposed by
Betournay (2006) for the collection, storage, processing, and using the abandoned and inactive mine data will
also allow the integration of different forms of data for finding suitable post-mining opportunities. Below is a
further elaboration of the CANMET database that could be adopted, amended, and used for the development of
the national database of closing, inactive, and abandoned mines in Australia.

5.1 Preliminary questionnaire to capture potential technical challenges to the
rehabilitation and reuse of abandoned sites
Betournay (2006) explained the main features of the database developed by CANMET for the management of inactive and abandoned mines (Figure 32) in Canada. To the best of the authors’ knowledge, the CANMET
database is among the most comprehensive databases that exist, in mining countries, around the world. The
framework proposed by Betournay (2006) can be adopted, amended, and used for the development of the
national database of closing, inactive, and abandoned mines in Australia. It is, however, noted that the focus of
the CANMET database has been on collecting and processing data that are needed for the management and
rehabilitation of abandoned mines.
The findings from the CRC TiME survey in this project (Appendix 1) indicated that several stakeholders are
interested in finding innovative approaches for reusing and re-purposing abandoned mines, for green and
environmentally friendly applications. An innovative example of such re-purposing is the Lefdal Mine Datacentre
in Norway (https://www.lefdalmine.com/) that offers storage capacity and space for installation of data
equipment in a massive six-story deep abandoned mine. The mine has a cool environment reducing the
ventilation and cooling efforts and costs. Additional cooling is supplied by cold seawater from the fjord nearby.
The required power for all the facilities at the center is generated by renewable hydroelectric power from the
Norwegian power grid (Øverby & Audestad, 2021). Similarly, Varnavskiy et al. (2021) have investigated the
applicability of the abandoned coal mine infrastructure for building a data center. The other interesting, local,
and innovative application of abandoned mines for producing green energy can be seen at Kidson abandoned
gold mine in North Queensland, where, the old mining pits have been used for the construction of the reservoirs
for building a 250MW pumped hydro energy storage facility (Blakers, Stocks, Lu, Anderson, & Nadolny, 2017)
(https://genexpower.com.au/250mw-kidston-pumped-storage-hydro-project/).
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If the objective of developing a national database of abandoned mines is to also characterize these mines for repurposing and valorization opportunities, further data might be required. Examples of these data could be
proximity to communities, the energy distribution networks and highways, and infrastructures, and any
information about the climate (temperature and precipitation) of the area. The valorization and characterization
of abandoned mines for re-purposing are, however, expected to be site- and application-specific and involve
very multi-disciplinary science and engineering skills (Al Heib, 2019).
According to Betournay (2006), geology, geomechanics, structures and infrastructure, and other information
should all be collected, stored in the database, and integrated to find the best management plan for abandoned
mines.

Figure 33: A schematic view of the CANMET inactive mine database (modified after Betournay (2006))

According to Betournay (2006), a database shall operate under an efficient structure to meet the requirements
of the application. The database shall remain flexible for users and be capable of evolving with advancing
computer technology. Examples of the data types that can be used for building an inventory of abandoned
mines are shown in Table 3, Table 4, and Table 5
Table 3: Examples of descriptive data for building the inventory of shallow abandoned stopes (Betournay, 2006)
No

Category

1

Site

2

Tenure

3

Mining history

Example
• Name of mine
• Mine location (province, township, UTM coordinates, NTS location, site
grid)
• Property boundaries, shaft coordinates
• Mining/surface rights owner
• Caretaker contacts
• Production date
• Closure date
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4

5

General mine
site information

Geology

6

Openings to
surface

7

Underground
failures

8

Underground
failures at
nearby mines

9

Subsurface
inventory (using
geophysical
means if
original
information is
unavailable)

10

Surface
infrastructure

11

Future land use

12

Remediation
inventory

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Operation shutdowns
Production statistics (yearly, total)
Reserves left
Commodities mined
Mining methods and the application to shallow stopes
Mine extraction progression
Conditions or events occurring under a previous owner before their shutdown
Class (igneous, metamorphic, sedimentary)
Rock type, formation history
Shape, the attitude and attributes of the orebody
Interrelationship, contact, conditions (country rock, ore zone, hanging
wall/footwall, intrusive)
Relation to mine workings
Structural geology, main features; folding and faulting trends
Type (mine access, ventilation, failure)
Dimensions
Geographical, mine grid coordinates
Nomenclature
Type (self-stopping, to the surface)
Dimensions
Start and end location
Geomechanical descriptive and timeline
Monitoring information
Type (self-stopping, to the surface)
Dimensions
Start and end location
Geomechanical descriptive and timeline
Monitoring information
Nomenclature and date of stope excavation (location above 200 m)
Depth from surface
Dimensions
Rock mass quality 30 m around stope and above to the surface
Ground control issues
Ground support and pattern rational
Type, design, location of mine fill, bulkheads; % stope filled
Date of surface crown pillar recovery
Type (waste piles, tailings, buildings, accessways, utilities, etc.)
Date of construction
Location, coordinates
Status, integrity
Potential for future mining
Potential for alternative use of the site
Land use designation
Type
Date of work
Design, construction standards used
Location
Foundation condition, preparation
Site geotechnical data
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If any information about the spatial location of the mining features and the geometry of the excavations or
tailing and waste dumps are available, they can effectively be used to build the database of abandoned mine
sites/features. Examples of this type of information could be mine plans, sections, maps, and reconstructed 2D
and 3D features, digitized maps (Table 4). If original information is unavailable, remote sensing techniques,
especially satellite data, can be a useful tool to provide some ideas of the surface features. However, these
techniques may not be applicable for the characterization of underground voids. Different geophysical means
can be used to provide information for the characterization of abandoned underground excavations where
mines are flooded and inaccessible or where it is risky to inspect the underground voids.
Table 4: Examples of spatial data for building the inventory of shallow abandoned stopes (Betournay, 2006)
No

Category

1

Maps and Geometric, and Geographic Information

2

Important written, graphic, and photo records and
references (scanned)

Example
• Nomenclature of underground
openings
• General geology
• Structural geology aspects,
main features
• Orebody
• Shaft collar and site survey
benchmark
• Underground openings
• Location of mine fill, % filled,
bulkheads
• Site remediation location, type
• 3D graphical format of the site,
containing mining voids,
overburden, and surface
features
• Designation of underground
aspects (stopes, backfills,
failure zone, etc)
• Photographs (annotated)
• Graphical representations
• Mining extraction progression
• Site engineering reports
• Articles, company reports, etc.
• Authors of mine
decommissioning plan
• Design of remediation
measures
• Design, location of concrete
caps for old shafts, etc
• Site remediation,
chronological, location
• Correspondence with the
States/Territories, a
municipality on-site issues,
decommissioning
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Having access to 3D maps of underground excavations which also include the overburden materials, and all
surface features including the topography, surface infrastructures, bodies of water, tailings areas could be very
helpful. Integrating these with GIS maps, borehole information, monitoring, and rock mass displacement
aspects, site remediation measures (concrete caps, fencing, removed pillars, etc.), rock mass ratings,
characterization aspects, bedrock weathering/rock mass variability, etc. can also be very helpful for identifying
the issues related to abandoned mines and for investigating any possible post-mining land use (Betournay,
2006).
Designation of underground aspects is the other useful type of information for stability assessment and for
analyzing the applicability of underground excavations for other applications. The location and details of filled
stopes, the extent of the underground failure, zones of different types of ground support, rock mass quality,
location of bulkheads, main geological structures, etc. are examples of such information that can be shown on
3D maps and be included in the database (Betournay, 2006) (Table 5).
Table 5: Examples of technical data required for building the database of abandoned mines (Betournay, 2006)
No

Category

1

Results of physical stability analyses (wordprocessed, scanned)

2

Monitoring data

3

Outcomes of any risk analysis

Example
• Any preliminary, analytical,
experimental, and numerical
modeling
• Monitoring instrumentation type
•
Location,
• Data (word-processed, scanned,
digitized)
• Program and procedures
• Risk analyses (word-processed,
scanned)

Apart from all the above-mentioned detailed information that is required for the management and the
prioritization of abandoned mines for rehabilitation, having access to several other categories of information
may also be needed for the assessment and characterization of a mine site for reusing and re-purposing. Typical
examples of such data that have been collected from the interviews and the literature studies, performed by the
authors, are given in Table 6.
Table 6: Example descriptive data that may be needed for reuse/repurposing of mines
No

Category

1

Proximity to local communities and residential
areas and any information regarding the socialeconomic impacts of the mining in the area

2

Details of any previous classification, risk
assessment, and prioritization

3

Proximity to infrastructure

4

Detailed geological, geochemical, and
hydrometallurgical information of the rocks
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Example
• Proximity to heritage areas
• Proximity to the communities of
original land owners
• Proximity to residential areas
•

Any identified post-mining hazard

•
•
•
•
•
•

Roads and accesses
Water network
Electricity network
Gas mains if any
Internet, etc
Possibility of any rare element or
value metal in waste and tailings
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5

Details of all the buildings and facilities at the
site

6

Any information related to the climate

•
•
•
•
•
•

Buildings
Processing plant
Equipment
Maximum and minimum
temperature
Range of precipitation
The average number of days with
a clear sky, etc

5.2 Recommendations on a national risk assessment and prioritization approach to
abandoned mines in Australia.
An approach to scoring critical abandoned mine issues could be based on the risk assessment approach used by
the WA government for the management and prioritization of abandoned mines (see details in Section 4.1.1.1).
Figure 29 from Section 4.1.1.1 depicts scores for each feature against different hazards (e.g., steep vertical drop,
falling material) and risk modifiers (e.g., location, accessibility) resulting in a potential risk category (significant or
insignificant).
The literature study performed by the authors indicated that a useful tool for making rational decisions about
the ranking of hazards and assets at each mine site is the Analytical Hierarchy Process (AHP) - a decision-making
method that involves pairwise comparisons between alternatives for different criteria. A panel of specialists or
stakeholders, for example, would be given access to an AHP-based tool and allowed to make pairwise
comparisons between alternatives and assign weights to the criteria.
AHP has a long history of being used for a variety of applications such as mine planning (Ataei, Jamshidi,
Sereshki, & Jalali, 2008), equipment selection (Acaroglu, Ergin, & Eskikay, 2006), and resource allocation
(Ramanathan & Ganesh, 1995). The review paper by Ishizaka and Labib (2011) also provides more details related
to the applications of the AHP approach in different industries. A description of the theory of AHP can be found
in Saaty (1987; 1980), and other related references such as (Mu & Pereyra-Rojas, 2017). There is also publicly
available software with tutorials on AHP from the Creative Decisions Foundation established by T.L Saaty and
R.W. Saaty (http://www.creativedecisions.net/). To the best of the authors’ knowledge, there are also several
open-source templates for conducting AHP analysis in the commonly used spreadsheets such as excel, like the
one developed by Goepel (https://bpmsg.com/online-tools/).
Although AHP has previously been used for the prioritization and decision-making regarding the rehabilitation of
mine sites (Bascetin, 2007; Kubit, Pluhar, & De Graff, 2015), there are only a few examples of using AHP as a
decision-making tool for repurposing former mine sites (Matos, Cardadeiro, Silva, & Muylder, 2018). Duszak et
al. (1993) were the first to describe using multi-criteria and pairwise comparisons to rank abandoned mine sites
for rehabilitation, which formed the basis of the Abandoned Mines Hazard Rating System (AMHAZ) used in
Canada (see Section 4.2.1.2). Factors such as public safety and health, environmental problems, and socioeconomic concerns were included (Duszak et al., 1993; Mackasey, 2000). Akbari et al. (2006) demonstrate the
use of AHP for selecting post-mining land use in Iran, using weighting calculations that take into account natural
factors (e.g., topography, slope, climate, geology) and cultural factors (e.g., social characteristics of nearby
communities, accessibility, adjacent area conditions). Eshun et al. (2018) develop a multi-criteria decision
analysis tool based on AHP to aid in the selection of the optimal post-mining land use in Ghana. Matos et al.
(2018) also used AHP to select abandoned mines in Portugal for rehabilitation and developed a model that
includes different objectives (e.g., environmental problem, public health, and future human use of resources).
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An alternative to the development of a risk criterion for the characterization and prioritization of abandoned
mines is the systematic matrix assessment approach proposed by Hudson (1992), known as the Rock
Engineering System (RES). This approach incorporates interactions between factors that can result in instabilities
and hazards in abandoned mine sites. Further details related to the application of the RES for risk assessment in
abandoned mine sites can be found in the relevant literature (Harrison & Hudson, 2006; Nathanail, Earle, &
Hudson, 1992; Smith & Rosenbaum, 1993).

5.3 Main findings
The framework proposed by CANMET (Betournay, 2006) can be used as a foundation to build a national
database of abandoned and inactive mines in Australia. Numerous different forms of data such as information
related to the site and 3D mine reconstruction information can be collected and used for building the inventory.
The database can incorporate information related to geology, geomechanics, and infrastructure at the individual
site. Data that can help to perform a geotechnical stability risk analysis of the mining excavation can also be
included in the database. This includes the 3D geotechnical block model (if it exists) and the location and details
of filled stopes, the extent of the underground failure, zones of different types of ground support, rock mass
quality, main geological structures, etc.
The Analytical Hierarchy Approach (AHP) can also be used as a systematic approach for collecting the expert
judgment and opinion for the prioritization and classification of abandoned mine sites for rehabilitation, as well
as for identifying the best use case for re-using and re-purposing of abandoned and inactive mine sites.
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6. Summary of main findings
This project provided a unique opportunity to perform a comprehensive study to investigate the potential for
developing an inventory of abandoned and inactive mines in Australia. The team also investigated the
opportunities for the harmonization of the risk assessment, prioritization, and classification approaches that are
used for the rehabilitation and management of abandoned mines in different states and territories in Australia.
We have also investigated the appetites of different jurisdictions for reusing and repurposing of abandoned
mines for innovative options and environmentally friendly applications (e.g. building solar and wind farms,
hydro-electric storage systems, etc.). The following is a summary of the main findings and recommendations
from the study to determine if there is an appetite by CRC TiME partners to develop a national inventory and
database of abandoned mines in Australia for risk assessment and prioritization, and re-purposing and reusing
abandoned mine sites for innovative options and green applications:
1) The results of the survey indicated that respondents were interested in three main aspects of the
abandoned mines:
• Re-using and re-purposing of abandoned mines for innovative and entrepreneurial
opportunities or even simpler applications such as developing water storage facilities for
agricultural purposes.
• Developing a national database of abandoned mines for different applications and the
harmonization of abandoned mine characterization, prioritization, and risk assessment across
the states to develop a unified national approach.
• Identifying test and demonstration sites for innovative and environmentally friendly mining
methods such as in-situ mining or in-mine recovery to extract rare elements or metals that are
needed for moving toward the electrification of vehicles and equipment (e.g., battery
minerals).
2) Undertook meetings with government agencies in states and territories (except ACT) of Australia to
investigate:
• the existence of the local inventories of abandoned mines or abandoned mine features, and
the granularity and precision of the data,
• the approaches that are used for the characterization and prioritization of abandoned mines
• the interest in evaluating opportunities for re-purposing and re-using abandoned mines
• the main issues associated with abandoned mines in each state and territory
The project team observed a significant difference between the expectations and needs of the government
agencies in different states and territories, regarding abandoned and inactive mines. The states and territory
government agencies have their own independent databases and information on abandoned mines, which are
not necessarily consistent. Developing a national database can help to reduce the inconsistencies and to reduce
the uncertainties associated with the abandoned mine data. This can result in better risk assessment and
characterization for rehabilitation purposes. There is also a need to re-visit the existing approaches for the risk
assessment and classification of abandoned mines and to develop a national and unified approach. However,
not all government agencies are interested in the development of the abandoned mine database or the
harmonization of the abandoned mine guidelines and characterization approaches. The main reason is that the
abandoned mine issues are often very specific and unique in each state and territory, and the rules and
regulations related to mining activities are also very different in each jurisdiction.
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Some government agencies also showed interest in investigating the potential for innovative post-mining
opportunities. This may, however, involve complicated social challenges, such as mine lease, environmental and
social assessment, and land ownership, which need detailed assessment.
The other interesting point collected from the communication with government agencies is that although they
do not consider the harmonization of the characterization and assessments of abandoned mines a priority, they
have all unanimously welcomed the idea to develop a national abandoned mine expert hub/group. This can
provide an opportunity for different governments agencies, research institutions, and experts to share
information and learnings from each other’s experiences. In the long run, this may also help to develop the
national database of abandoned mines and to harmonize the different classification and periodization methods
used in each state and territory to deal with the abandoned and inactive mine sites.
3) Developed a geological, geotechnical, and hydrogeochemical risk framework that included literature
reviews of hazards associated with each category.
Developing a systematic approach for the assessment of hazards, (e.g., geological, geotechnical, and
hydrogeochemical hazards), associated with abandoned mines is critical for the management of issues related to
abandoned mines and for identifying the sites that need immediate rehabilitation. There is, however, often a
lack of knowledge in identifying the hazards, in particular, the coupled interactions between different effective
factors causing hazards in abandoned and inactive mines (also see Nathanail et al. (1992) and Harrison &
Hudson (2006) for further information). The prioritization and risk assessment can also be linked to post-mining
land use and opportunities. Identifying the hazards is a fundamental step for the assessment of a site for a
specific post-mining application. For example, if mining excavations are not long-term stable, they may not be
suitable for waste disposal application.
Different states, such as WA, QLD, and NSW, have developed their own specific approaches for risk assessment
and prioritization. This research shows that these approaches are not necessarily consistent. The development
of a unified and generalized approach can help the government and industry to deal with the abandoned mines
on a national scale. However, this study found government agencies in a few different states and territories are
not interested in the development of a unified approach for the assessment of risks and for the prioritization of
abandoned mines for rehabilitation. In other words, the harmonization of the available approaches is not the
priority for all jurisdictions at this stage. It is worth noting that the relevant government agencies in a couple of
states and territories were in favor of the harmonization. This was, in particular, observed where the
government agents had the experience of working in different states and territories and were aware of all the
inconsistencies and differences.
4) Evaluated existing risk prioritization schemes and to create a national database of abandoned mines
that can be used for rehabilitation and identifying post-mining opportunities.
The study has shown that there are some existing databases of national abandoned mines in Australia (Unger et
al., 2012; Werner & et al., 2020). Different government agencies also have developed or are developing their
own inventories of abandoned mine features for different states and territories. But these databases do not
necessarily contain all the information that is required for effective and efficient post-mining management and
for identifying the opportunities for the valorization of the abandoned mine sites. There is a need to either
enhance the existing independent state and territory databases or to develop a much more comprehensive
national database of inactive and abandoned mines. The conversation with different government agencies,
67

Final Report 4.5/ Towards an inventory of abandoned mines in Australia: risk, prioritisation and opportunities

however, indicated that there is no significant appetite for the development of the national database of
abandoned mines. Because each government is dealing with the abandoned mine problem differently in each
state and territory. Jurisdictions have quite different regulatory regimes and programs (and different associated
funding). Sharing principles and lessons across jurisdictions were viewed by some as useful, as well as, initiatives
for an international standard and Australian standard for managing mining legacies.
The interviews also indicated that sometimes the existing regulations and the implementation of the
conventional risk-averse methods prevent several opportunities for the re-use and re-purposing of abandoned
mines. As Werner and et al. (2020) discussed, it is time to look at this legacy of national abandoned mine sites
differently and innovatively and see if any of the affected sites and features can be re-considered for innovative
environmentally friendly applications. Considering such a different perspective in the management of
abandoned mines as assets rather than liabilities for the governments and re-using the mines for green
applications instead of spending budgets to sterilize the affected lands and close the mines can significantly
improve the post-mining economy in the mining regions.
This study also showed that there is a lack of consistency across the different databases, available in public
domains, to perform any potential spatial statistical analysis on abandoned mines. The development of the
abandoned mines national database could provide a more efficient tool to connect innovators and investors to
sites for post-mining opportunities for reusing and re-purposing abandoned or inactive mines. The key focus
should be on identifying approaches that can be used for the collection of data and fast and efficient processing
and interpretation of the data. The following are some examples of the questions that should be addressed
•
•
•
•

What information is needed for each site to enable re-use and re-purposing?
Does that information currently exist in databases? If yes, which databases are needed? and how can
these be connected?
If not, how do we get this information/data often from variable sources (private and public)?
If the social, environmental, economic, etc. data can be collected and integrated at abandoned mines what data analytic tools are needed to integrate this data for innovation and opportunities?

The findings of this study also showed that to be able to use an abandoned mine database properly and
effectively, there is a need for the fusion and the integration of different data and metadata. This includes the
fusion of the abandoned mine database with other existing databases. Examples of such databases could be the
Abandoned Mines developed by Associate Professor Gavin Mudd and his team at RMIT (Werner, Bach, et al.,
2020) and the geospatial datasets available through the Australian governments such as the AuScope 1 project.
Furthermore, the literature review indicated that the framework developed by CANMET (Betournay, 2006) for
the prioritization of abandoned/inactive mines in Canada is among the most comprehensive approaches that
exist around the world. This approach could be adopted, amended, and used for the development of the
national abandoned and inactive mines in Australia. Additional information may need to be identified and added
to the database to enable the best use cases for reusing and re-purposing abandoned and inactive mine sites.

1

https://www.auscope.org.au/
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These extra data for the characterization of the site for post-mining opportunities are expected to be very siteand application-specific and can be identified by expert multi-disciplinary panels.
Unfortunately, data availability is a significant problem while dealing with abandoned mines. It is, therefore,
suggested that any potential future studies in this area begin with closing mines that often possess a wealth of
geological, hydro-geo-chemical, and geomechanical data. Future research can be framed around developing
characterization and assessment methods to find the best and optimized re-purposed/co-purposed application
for each case (if any) to manage the post-mining environmental issues and to develop economic opportunities
for local communities. This can also help to ensure that the closing mines will properly be managed, used, and
rehabilitated and will not be ended up on the abandoned mine list and add to the liabilities of the shoulders of
government agencies. It is expected that any science that will be generated from the management and
application of closing mines can also directly or indirectly be applied to the abandoned mines. For example, the
next phase of the study can show if there is a preference of mining method in regard to commodity in
combination with the geological province. This can help end-users to find suitable sites for testing new
technologies. For example, if collecting information about any specific geological and hydrological conditions can
help to identify the sites that are suitable for testing new mining methods such as in-situ recovery within copper,
zinc, and gold deposits.
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9. Appendix 1 – Survey Summary
A survey was undertaken in May/June 2021 to assess respondents’ views on the following topics:
1. Desired outcomes from the CRC TiME project on abandoned mines (e.g., collation of existing sites and
assessment outcomes, development of criteria to prioritize sites for research leading to sustainable
post-mining futures, documenting examples of rehabilitation and repurposing of mines for a variety of
opportunities, testing technologies relevant to abandoned mine sites)
2. What are the main barriers to repurposing abandoned mine sites?
3. Desired outcomes from future research on abandoned mines (e.g., continuous environmental
monitoring tools, the groundwork for developing a national database, a guidebook of possible technical
challenges associated with abandoned mines, a guidebook for how to match an abandoned mine site to
potentially workable reuse opportunities, a gap analysis for the harmonization of different state’s
policies).
The survey related to this research project was approved by the CSIRO Social and Interdisciplinary Science
Human Research Ethics Committee (ethics clearance 066/21). The survey was distributed by CRC TiME to several
hundred people on its email list. A total of 97 respondents completed the survey.
On the topic of desired outcomes from the CRC TiME project on abandoned mines, the survey revealed that the
highest preference was, “the identification of opportunities for rehabilitation and reuse of abandoned
mine/quarry sites. For example, for tourism, waste disposal, renewable energy production, underground storage
of natural gas, CO2, hydrogen, and thermal energy”.
The second strongest preference expressed by the survey respondents was for developing criteria to identify,
classify, and prioritize abandoned mine sites for research aimed towards sustainable post-mining futures.
As the survey invited additional comments on what concepts to focus on, there were many thought-provoking
ideas expressed. The comments centered on several themes as summarised below:
•

•
•

•
•
•

using these sites for education, training, research, or technical demonstrations (e.g., testing
technologies for AMD prevention and treatment; for tertiary education fieldwork - geology,
environmental studies, mining engineering)
organizing information to allow more clarity about the assets and legacies of abandoned mine sites
developing risk assessment tools to current mines to predict the likelihood of mine site abandonment in
the future; utilizing the example of Queensland’s abandoned mines program for risk assessment and
prioritization criteria and applying it to other Australian states
the effect of regulatory frameworks on the type and timing of repurposing or rehabilitation of sites;
more information on government incentivizing the reuse of these sites and their infrastructure
water-related topics (water storage capabilities of rehabilitated sites, pumped hydro schemes,
regulation, and potential uses of mine-affected water)
community involvement, stewardship, involvement of Traditional Owners, social and economic impacts
of mine closure, pathways to navigate to a successful post-mining future.

On the topic of barriers to repurposing abandoned mine sites, the survey revealed that the most critical ones as
selected by respondents (% of responses are indicated):
•

Gaining traction with investors; finding sufficient funding sources (24 %)
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•
•
•

Understanding and navigating the regulatory approval process (19 %)
Technical challenges associated with meeting the aim of rehabilitation (17 %)
Data availability to make informed decisions about the “best” reuse option (17 %)

Engaging with local communities was the least critical barrier ranked by respondents (13 %).
Additional comments from the respondents about the barriers to repurposing abandoned mine sites included
lack of support in terms of dealing with different government departments involved with transitioning from one
industry to another, lack of information about whether mining tenure will allow repurposing and connecting
with other interested parties to collaborate on reuse projects.
Another barrier to repurposing abandoned mines that were commonly expressed in the survey comments was
related to unforeseen or unanticipated consequences that could have financial, legal, or other risks and
responsibilities (e.g., hazardous legacy remaining after rehabilitation, ongoing monitoring)
On the topic of desired outcomes from future research on abandoned mines, the survey provided several
options and respondents ranked them about equal. The option that received the most favor was:
“Groundwork necessary for developing a comprehensive, national database of abandoned mines in Australia
that can be used for different applications such as the discovery of testing new mining methods"
In the comments section, one respondent added that the database should then include key safety and
environmental issues for each site and populate the database using a standardized assessment approach.
Options for desired outcomes that were ranked lower were related to preparing resource guidebooks and tools
for continuous monitoring. The lowest-ranked option (5th) was: “A gap analysis for the harmonization of
different states’ policies (e.g., human and environmental assessments of the abandoned mine) related to risk
assessment and the prioritization of abandoned mines for rehabilitation.”
One survey respondent provided recommended a systematic process needs to be developed:
•
•
•
•
•

First, have an updated inventory of abandoned mine sites and rank them by their hazards.
Hazard ranking earns a specific remediation fund allocation.
Interested parties do their own research into the development opportunities they are looking for.
Invite applications/tenders from innovators/developers to rework/ remediate abandoned sites.
Pay successful applicants the remediation fund allocation as a contribution towards their proposed
development work.

A point was also made that mine reuse will be a market process, and that investment and regulatory change are
needed to protect potential investors. Opportunities may emerge that are specific to the context of a mine and
represent the market opportunities available at that point in time, therefore, an up-to-date inventory of
abandoned mines and their ranked hazards is critical.
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