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Executive summary 

Information and technology that could transform mine monitoring practices were assessed using an online 
survey and follow-up interviews of people across government, environmental consultants, and the mineral 
industry. This information was used to articulate priorities for a CRC TiME research roadmap. The 
stakeholders’ identified research questions and technological gaps that could help improve current mine 
monitoring practices. A number of different approaches to prioritisation were used. These included legal, 
social or ecological priorities, a ranking approach and what stakeholders identified as areas that should be 
monitored differently. Some of the areas of highest importance to monitor included tailings, vegetation 
composition, and landform, while areas that should be monitored differently were fauna, vegetation 
structure/composition, and slope stability. In many instances stakeholders identified the need to standardise 
monitoring protocols that use best practice across a range of areas. 

The research goals were categorised as research (basic science), applied research and research that would 
lead to impact through the CRC TiME (or step changes in the way remote sensing and monitoring are applied 
to adaptive management and closure criteria). Key research goals identified to enable the widespread 
adoption of remote sensing technologies include: 

• Effective standards for the use of remote sensing and monitoring that will be enabled through 
establishing institutional frameworks and also based on exemplar sites and use cases. This includes 
systems and protocols to enable cross-region comparisons. 

• Maximising the utility of data and cost in relation to closure criteria and management actions. 

• Assessing environmental markets to apply tangibility to intangible assets (eg carbon markets). 

• Building confidence in the products from remote sensing technologies through on-ground 
verification and well-designed sampling frameworks. 

 

Figure 1: Overhead view of a mine pit wall which monitoring shows has been stable for 40 years. 

Key Words: remote monitoring, technology, protocols, mine monitoring 
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1 Introduction 

Key end users among the CRC partners, particularly mining companies, recognise that even though remote 
sensing and monitoring tools are becoming more widespread their application currently lacks rigour and 
reliable adoption across the industry. There is a strong desire to have consistent approaches to acquiring, 
analysing and reporting outcomes, and to adapt to the rapid technological change in remote sensing and 
monitoring capabilities. Relevant government departments also need confidence that outputs from remote 
sensing are accurate and will sufficiently meet regulatory requirements. 

This research aimed to identify information or technological gaps that could assist the transformation of 
current mine monitoring practices to establish a basis for developing consistent approaches and articulate 
priorities that lead to the development of a research roadmap. 

Based on a survey and targeted interviews, the objectives were to: 

• Determine what industry and regulators need or want to be monitored using remote sensing through 
surveying and connecting user groups (mining companies, METS and government regulators). 

• Determine what platforms/technologies are currently being used to achieve any monitoring. 

• Develop a research roadmap. 
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2 Methods 

Determining the needs of stakeholders’ is one of the most valuable activities that can be undertaken to 
create an actionable and impactful research roadmap. To understand these needs we conducted a 
stakeholder survey and interviews of people from relevant groups in the mining industry. 

We developed a series of questions aimed to understand the perspectives of people who monitor mines and 
their surrounding environment, and particularly stakeholders from mining companies, consultants, and 
regulators. These questions were assessed by the project steering committee and following feedback we 
divided the questions into an online survey with a follow-up interview for self-selected participants. The 
online survey allowed us to understand the background of the respondents and their perspective on the 
importance of remote sensing, as well as to identify individuals willing to participate in the study. 

A pre-interview table was provided for consideration prior to the face-to-face interview. This two-step 
process allowed interviewees time to reflect on monitoring practices for the identified features in three 
categories (mine-site, biodiversity, and topography) and to make the interview more efficient focusing only 
on items that needed further explanation. 

All questions (survey, pre-interview table, and interview), along with participation information sheets and 
consent forms, were sent to and approved by the UQ Ethics committee. Following ethics approval, the online 
survey was circulated among stakeholders, who were requested to circulate it further. 

The pre-interview table (Appendix Table 1) had five multiple choice questions to understand the background 
of the interviewee (Q1;), their perspectives on the mining feature importance (Q2 and Q3), their 
perspectives on current monitoring (Q4), and their current practices (Q5). 

During the interview, we focused on obtaining more in-depth answers. We asked if they had comments 
about their answers, asking specifically each question for each feature that was monitored/managed by the 
interviewee. If respondents thought features should be monitored differently, we asked them for insight into 
their issues and how they thought that monitoring of that feature could be improved. If respondents 
mentioned that their current monitoring practices involve remote sensing, we asked about the sensors used. 
Given the variability of sensors known to be used, we summed the number of sensors used by type (active or 
passive). 

The initial results of the survey and a draft research roadmap were provided to the project steering 
committee for review to ensure the research plan addressed the topics they perceive to be of the highest 
priority. Feedback provided by the steering committee was incorporated into the road map. 
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3 Results 

3.1 Online survey 

The online survey was available for three months from March 11 to June 11, 2021. We received 53 
responses. Most respondents were based in Western Australia (37.7%), extracted iron ore (21.7%,), and 
worked with open-cut mines (45.6%). The largest group of respondents (27.8%) did not consider themselves 
to be an environmental manager, consultant, public servants or academics; but almost a third of 
respondents monitored or managed rehabilitation areas (31.9%). More than half of the respondents to the 
online survey said they were willing to be interviewed for 30 minutes or more. 

3.2 Interviews 

We conducted 22 interviews, with 14% of the respondents identifying themselves as part of the academic 
sector, 14% as part of the consultant sector, 27% as part of the industry sector (mining companies), and 45% 
as part of a government agency. Of those within the government sector, 60% identified themselves as 
regulators and the remaining 40% as science-based government servants. 

When we asked them if monitoring of a particular feature should be improved interviewees gave a range of 
reasons why they should be monitored differently. Interviewees rarely commented on features they thought 
were already monitored adequately. 

3.2.1 Infrastructure and disturbance footprint 

Most respondents thought that infrastructure and disturbance footprint were monitored adequately, with a 
minority (~25%) suggesting that it could be improved. Most suggested that remote sensing could be used to 
improve outcomes, with 90% of the respondents reporting the use of the technology to monitor 
infrastructure and 7% reporting its use to monitor the disturbance footprint. Improved outcomes could 
include close monitoring to detect or predict changes, which could be done using remote sensing allowing 
monitoring of larger areas. However, some respondents identified that potential improvements (if any) were 
not technological, but on the operator side or by developing standards of practice that adequately display 
the disturbance footprint (not a featureless polygon). 

3.2.2 Tailings 

Monitoring of tailings was noted as inadequate by >50% of the respondents, and highlighted areas where 
remote sensing could help to improve current practices to monitor tailings, using satellite imagery and 
LiDAR, monitoring at higher frequency rates and resolution, as well as keeping staff away from potentially 
harmful situations encountered by conducting fieldwork. Drone-based monitoring of tailings (and erosion) 
could be modelled using drone-based data that ultimately allow prediction of leaks before groundwater 
contamination occurs. In addition, respondents also noted the benefit of standardising practices, and the 
need to use a holistic approach that combines remote sensing with on-ground sensors and governance. 

3.2.3 Air pollution and dust 

Current inadequacies of monitoring that could be improved were flagged by 40% of the respondents for air 
pollution and 55% for dust. Air pollution was the least monitored feature of all categories, with only five 
interviewees reporting on it. Generally, air pollution and its monitoring have been neglected, apart from 
areas close to human settlements or mine workers themselves. Respondents mentioned the need to partner 
with the academic sector in order to understand and calibrate different monitors or to improve the 
efficiency of data analysis for dust. Repondents noted that it would be useful to monitor air pollution in real 
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time and that remote sensing could be used to monitor dust and its cumulative impacts, allowing monitoring 
at a scale that fieldwork alone may fail to detect negative impacts. 

3.2.4 Noise 

Few interviewees thought that noise should be monitored differently. Improvements on data analysis and 
sensors were identified as potential solutions. There were suggestions for more reliable noise monitoring, 
with improvements on modelling techniques and the use of alarms when noise levels go above the allowed 
thresholds. 

3.2.5 Water quality 

Of the interviewees who answered ‘yes’ to monitoring water quality, 33% thought it should be monitored 
differently. Interviewees noted that remote sensing could be used to improve current water quality 
monitoring, to monitor turbidity and algal blooms or using drones to collect samples and reaching 
inaccessible areas. 

On-ground sensors were noted as effective ways of monitoring water quality. Some people suggested 
sensors as a way to improve current monitoring, which would allow to increase the frequency of monitoring 
of sub-features (eg water level, water temperature, and salinity) across larger areas. In contrast, some noted 
that the guidelines to monitor water quality are already ‘stringent’, and that there is a requirement to 
balance desirable water quality with the means of a particular project to collect data and still cover the risks. 

3.2.6 Biodiversity 

Current practices of biodiversity monitoring were considered inadequate by >75% of the respondents with 
experience on these features. Particularly, due to the long temporal timeframes of rehabilitation 
trajectories, and the need to conduct research to improve understanding of germination and timing for 
success. Most monitoring of vegetation (composition and structure), litter cover, and indirect monitoring of 
fauna (habitat availability/suitability) require on ground monitoring, which is limited to small areas 
(transects) that may fail to capture the whole picture. Similarly, biodiversity monitoring would benefit 
greatly from efficient monitoring systems, especially for fauna which has really high costs, allowing better 
success rates of the monitoring itself (eg increasing detection probabilities, as failing to detect a fauna 
species through live-trapping or visual surveys does not mean that the species is not there). 

3.2.7 Vegetation 

More than two-thirds of the respondents considered current monitoring techniques for vegetation 
composition and structure to be inadequate. Respondents noted that current field methods are limited in 
the extent covered, noted a requirement for flexible monitoring protocols that would allow incorporation of 
improvements, and the need for greater communication among experts (including non-mining areas) to 
keep up-to-date with best practice monitoring. 

As potential solutions to improve monitoring of vegetation composition and structure, respondents 
mentioned remote sensing and genetic methods. Respondents suggested remote sensing techniques and a 
range of high-resolution sensors that would cover larger areas, identify species at the top-most layer, and 
monitor at higher frequencies to allow efficient change detection. Additionally, technological advances in 
genetic methods could allow to identify species using their DNA. 

3.2.8 Litter cover and organic matter 

Monitoring of litter cover and organic matter was mentioned as inadequate by 67% of the respondents. 
Although remote sensing was thought to help monitoring of this feature across larger areas (Resp06, Resp13, 
Resp15), Resp06 noted the great limitation of limited visibility, where other vegetation can obscure the 
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ground cover. Resp12 mentioned that monitoring litter could be improved by measuring ground cover as: 
bare ground, rock cover, and vegetation cover. 

3.2.9 Fauna 

The majority of respondents thought that most methods of fauna monitoring were inadequate. Respondents 
suggested that fauna monitoring is done for bare minimum compliance or noted that the most limiting 
factor of fauna monitoring is the frequency of monitoring (only getting a ‘snapshot’ through one survey per 
year), but limited spatial extent was also an issue. 

To improve monitoring, respondents identified the need to monitor habitat availability/suitability, to study 
animal movements and occupancy, and to monitor longer periods of time. Respondents mentioned that 
potential technologies to be used in this space include GPS-telemetry and acoustic telemetry, cameras 
triggered by motion and temperature or active and passive cameras mounted on drones, which can detect 
some fauna. 

3.2.10 Topography 

Monitoring of topography was considered inadequate by 57% of the respondents. Respondents thought that 
topographic features (slope stability, erosion, and landform) could be improved using validated high-
resolution remote sensing to keep costs low and detect change over time of attributes such as roughness, 
land capability, productivity, stability, and trackability. 

3.2.11 Slope stability and erosion 

Current practices to monitor slope stability and erosion require improvements as current methods are 
reactive in nature and need to have proactive (predictive) techniques to reduce risks faced by staff 
conducting field assessments. Again, remote sensing could be used as a complement of field surveys and 
interviewees suggested the need for a holistic approach that additionally incorporates governance and 
regulatory practice. They noted that improvements of current practices through remote sensing could 
include higher monitoring frequencies, as well as the use of thermal imagery and high-resolution imagery 
and data from the Interferometric Synthetic Aperture Radar (INSAR) that allows fine-scale detection of 
changes. Some current monitoring of erosion is adequate but is highly dependent on having data with the 
right resolution. 

3.2.12 Landform 

Respondents generally thought that current methods are adequate, but improvements were needed for 
consistent reporting and standards, and agreed that remote sensing could help to take landform monitoring 
a step further. The large scale of landform makes their monitoring easy, allowing its monitoring to be 
adequate. 

3.3 Issues with current monitoring 

Logistic issues identified relate to time required to conduct fieldwork, as well as its cost, accessibility and 
safety, data management and analysis, and data quality. Temporal issues include the time required to get 
and deploy a team to monitor under suitable environmental conditions. Cost was considered the highest 
issue of field work and some sites were inaccessible, or that obtaining access to them was difficult or unsafe. 
Issues with data quality were highlighted in general and often of inadequate resolution in terms of spatial 
aspects such as limited extent or temporal frequency. 

3.3.1 Mine capability and uptake 

Respondents identified issues with capability to monitor, slow uptake of new technologies, and the 
importance of having a team with mixed backgrounds. Lacking in-house expertise was reported as an issue, 
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as was the slow uptake of technology by regulators or mining companies due to reluctancy to accept new 
technologies. 

Some identified the need for training and education programs to allow better uptake of remote sensing and 
other new technologies. In addition, respondents mentioned the importance of conducting research and 
partnering with academic institutions to increase understanding of the different features and to continue to 
improve methods of data acquisition and analysis. 

3.3.2 Regulation, compliance, and consistency across sectors 

Some respondents identified issues with current regulation practices and their compliance, noting that 
current practices often involve reaching minimal compliance. Similarly, it was noted that all sectors of mining 
need to conduct more monitoring to ensure adequate progression of rehabilitation. Some respondents 
noted the importance of social responsibility and its relationship with successful rehabilitation. Respondents 
identified a need to have approved methods that different sectors must adhere to in order to perform the 
same task. This is to ensure that data is taken using the best approach and useful for the required suite of 
analysis. Thus, respondents identified the need to standardise monitoring protocols that use best practice 
and noted that the process can be long (even within the same company it can take >2 years, as mentioned 
by a respondent). Standardising protocols can help to avoid issues faced when changing consultant agencies, 
each using their own methods for data collection and analysis in a way that prevents or minimising temporal 
comparison of results or trajectories. 

Some suggested that, over time, remote sensing techniques will be incorporated by all sectors of mining. 
But, despite remote sensing techniques being flagged as having great potential to improve current 
monitoring practices for all categories, some highlighted the need to validate the data and to interpret 
results adequately. Additionally, having a centralised agency to evaluate the suitability of different brands of 
platforms and sensors, as well as methods in remote sensing. 

3.3.3 Pressing issues 

We asked respondents which features they would concentrate on improving first (Figure 2). Interviewees 
identified the most pressing issues related to monitoring of vegetation (11 votes), followed in order by 
erosion and tailings (seven votes each), water quality (five votes), slope stability (four votes), dust and 
landform (three votes each), and noise (one vote). 

 

Figure 2: Priority of features that need improved monitoring. 
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4 Identifying key research goals 

4.1 Research goals identified through interviews 

Based on stakeholders’ needs and the existing research materials we have identified research questions and 
technological gaps that can help to improve current mine monitoring practices. 

• Highest importance to monitor – tailings, vegetation composition, landform. 

• Legally important – infrastructure, landform, fauna. 

• Socially important – air pollution, noise, dust. 

• Ecologically important – fauna, litter/organic matter, vegetation composition. 

• Should be monitored differently – fauna, vegetation structure/composition, slope stability. 

In many instances stakeholders identified the need to standardise monitoring protocols that use best 
practice across a range of areas. 

4.2 Additional research goals identified by steering committee 

The research outcomes were assessed by the project steering committee. They provided further feedback, 
including their perceived need to reduce costs and regulatory acceptance of new methods. Specifically, the 
steering committee suggested key focus goals to be: 

1. Minimum set of standards: 

o Framework for regulators, as well as enabling mine sites to have flexibility to choose what 
monitoring information they provide. 

o Standards for image processing. 

o Data governance and quality assurance. 

o Modelled data sources for consensus (stacking remote sensing data). 

2. Assessing environmental markets to apply tangibility to intangible assets. 

3. Continuous improvement in: 

o Remote sensing research. 

o Technological change. 

o Ecosystem trajectories monitoring. 

In addition, the steering committee identified an area of applied research of interest to CRC partners which 
was to optimise the utility of the data and price and how that relates to: a) completion criteria; and b) 
management actions (maintenance drivers). 

Research – Sampling framework for on the ground (verification of data): 

• Traditional Owner involvement. 

• In situ sensor integration. 

• Statistically robust. 

• Life of mine – how you change what you monitor and how to conduct it (eg post closure remote 
sensing). 



 
 Final Report P3.2 | A roadmap for adapting to technological change in remote sensing and monitoring capabilities 

14 

We used a combination of research goals identified during the interview process linked to those identified by 
the steering committee in Figure 3. We suggest a range of research and development approaches related to 
the CRC TiME milestones (Table 1) to build the capacity and trust in technologies in the sector over the next 
five years. 
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Figure 3: Summary of research priorities. Red descriptions are research goals identified during the interview process, while those in blue were identified by the 
steering committee. Arrows suggest items that feed information into other items. Light green, curvy, arrows indicate progressive items. The light green, but 

straight arrow is the item needed to set the price/resolution/sensor standard need identified by the steering committee. Grey arrows suggest areas for 
continuous improvement. 
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Table 1: Roadmap timeline. Identified studies and work, alongside suggested timing and prioritisation for CRC TiME and key milestone numbers  
(OBR – Office of Better Rehab; MRF – Mine Rehabilitation Fund; SSB – Supervising Scientist Branch).  
Orange highlights are applied science, Green are research, Grey highlights are CRC partner impact. 

RESEARCH AND DEVELOPMENT WORK CRC MILESTONE 
NUMBER 2022 2023 2024 2025 2026 

Explore different stakeholder/scientific models across Qld (OBR), WA (MRF) and NT (SSB) to identify 
better approaches 

2.3.3      

Develop standardised remote sensing monitoring approaches to address erosion and landform 
stability 

3.2.3      

Comparative studies of mine site vegetation monitoring and remote sensing technology – to develop 
appropriate standards 

3.2.3      

Integration of remote monitoring technologies including linking eDNA/omics for remote sites 3.1.4      

Cost/Benefit analysis of monitoring at scale and a framework across different sized sites – Minimum 
set of standards? 

3.1.3      

Development of fauna monitoring technologies that are dispatchable and applicable for remote 
mining locations 

3.2.4      

Remote monitoring technology solutions examined to monitor turbidity and algal blooms or collecting 
samples and reaching inaccessible areas 

3.2.4      

Establish a stakeholder group to test and validate monitoring technology to compare exemplar sites 2.3.3      

Provide training for uptake of remote sensing and other new technologies 3.4.4      
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6 Appendix 

Appendix Table 1: Raw number of answers, as provided by interviewees. Questions 2 to 4 are based only on those who answered yes to the first question. 
Interviewees were allowed to provide more than one answer to the question ‘why are these features important?’.  

  
Q1. DO YOU 
MONITOR/ 
MANAGE? 

Q2. HOW IMPORTANT ARE 
THESE FEATURES? Q3. WHY ARE THESE FEATURES IMPORTANT? 

Q4. SHOULD THE 
FEATURES BE MONITORED 

DIFFERENTLY? 

CATEGORY FEATURE NO YES 1 
LOWEST 

2 
 

3 
HIGHEST 

LEGAL/ 
COMPLIANCE 

SOCIAL 
RESPONSIBILITY 

ECOLOGICAL 
RESPONSIBILITY OTHER NO YES UNSURE 

Mine-site 

Air pollution 17 5 0 4 1 5 5 2 0 3 2 0 
Disturbance footprint 7 15 0 5 10 14 7 8 1 11 4 0 
Dust 11 11 1 6 4 8 8 7 1 5 6 0 
Infrastructure 13 9 3 3 3 8 2 2 2 6 2 1 
Noise 14 8 1 5 2 6 7 3 1 6 2 0 
Tailings 8 14 0 0 14 12 9 8 1 6 8 0 
Water quality 7 15 0 4 11 11 12 13 1 10 5 0 

Biodiversity 

Vegetation 
composition 

8 14 0 3 11 12 6 13 0 4 9 1 

Vegetation structure 11 11 0 4 7 12 5 10 0 2 8 1 
Litter cover, organic 
matter 

12 10 3 4 3 5 2 8 1 3 6 1 

Fauna (directly) 13 9 3 3 3 7 1 7 0 1 7 1 
Fauna (indirectly) 14 8 0 6 2 7 1 6 0 1 6 1 

Topography 
Erosion 4 18 0 7 11 14 11 11 2 7 11 0 
Landform 9 13 0 3 10 11 5 6 1 7 6 0 
Slope stability 5 17 1 3 13 15 11 10 4 6 11 0 
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Appendix Table 2: Raw number of answers, as provided by interviewees for the question ‘how are features monitored?’ If the answer involved remote sensing 
(drone, aircraft, satellite), then we requested additional information to learn which sensors are being used to monitor each feature. Interviewees were allowed 
to provide more than one answer. ‘obs’ = direct observation, ‘NA’ = not available (ie unknown), ‘RGB’ = data with three bands (red, green, blue), ‘multispec’ = 

multispectral data (>3 bands), ‘hyperspec’ = hyperspectral data (>50 bands), ‘LiDAR’ = Light Detection and Ranging, ‘INSAR’ = Interferometric Synthetic Aperture 
Radar, ‘radar’ = unidentified radar. 

  Q5. HOW ARE FEATURES MONITORED? IF REMOTE SENSING, TYPE 
OF SENSOR SENSOR 

CATEGORY FEATURE OBS FIELD 
WORK DRONE AIRCRAFT SATELLITE ACTIVE PASSIVE NA RGB MULTI 

SPEC 
HYPER 
SPEC LIDAR INSAR RADAR NA 

Mine-site 

Air pollution 1 5 0 0 0           

Disturbance footprint 7 12 10 8 7 4 12 2 10 5 0 4 0 0 2 

Dust 4 10 0 0 1 0 1 0 0 1 0 0 0 0 0 

Infrastructure 9 7 8 2 4 3 9 0 8 5 0 3 0 0 0 

Noise 1 7 0 0 0           

Tailings 7 11 6 3 5 4 9 0 6 5 0 2 1 1 0 

Water quality 4 12 1 1 0 0 0 1 0 0 0 0 0 0 1 

Biodiversity 

Vegetation 
composition 

6 12 8 8 5 4 11 1 7 9 1 4 0 0 1 

Vegetation structure 3 8 5 4 3 3 3 1 0 3 0 3 0 0 1 
Litter cover, organic 
matter 

2 9 1 1 1 0 0 1 0 0 0 0 0 0 1 

Fauna (directly) 3 9 1 1 1 0 0 2 0 0 0 0 0 0 2 

Fauna (indirectly) 2 8 2 1 1 1 0 1 0 0 0 1 0 0 1 

Topography 

Erosion 9 12 15 9 3 7 12 3 8 5 0 7 1 1 4 

Landform 4 10 12 5 3 4 7 4 5 3 0 4 1 1 5 

Slope stability 7 11 12 8 2 5 9 3 6 4 0 5 2 1 4 
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