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ABSTRACT

The mining industry is a sustainable development that needs coordinated solutions, which may address the issues of
worker safety, energy and emissions, enhance geotechnical risk management, and improve environmental transparency
throughout the mine life cycle. This review brings together the importance of mine ventilation, geodesy, and remote
sensing as the enabling technology for sustainable mining and how their integrated application can help change the
current periodic compliance monitoring and decision-making processes to continuous, evidence-based management. The
field of ventilation is discussed as a safety-critical system, which manages contaminant and heat, as well as an important
component of underground mine power demand, with opportunities for efficiency improvements by ventilation-on-
demand, high-efficiency fans, and data-driven control. The review of geodesy as the spatial foundation of mining
activities, enabling the precision of excavation, volumetric responsibility, and monitoring of deformations to associated
hazards (subsidence, slope instability, and tailings storage facilities mobility) with a specific focus on the traceability
of measurements and uncertainty, is presented. Such remote sensing modalities as optical, thermal, LiDAR, and radar
interferometry are evaluated in terms of characterizing the baseline, disturbance mapping, tracking the environmental
effect, and wide-area deformation monitoring during operations and post-closure stewardship. The review also covers
information fusion and online mine platforms integrating ventilation telemetry, geodetic net, and remote sensing time
series, presenting the technical, organizational, and governance challenges associated with interoperability, validation,

cybersecurity, as well as long-term data stewardship. Lastly, research gaps and future directions are also determined,
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such as standardized uncertainty reporting, a strong multi-sensor early warning system, and scalable architectures that

can be used in mines with different degrees of digital maturity.

Keywords: Sustainable Mining; Mine Ventilation; Geodesy; Remote Sensing; Deformation Monitoring

1. Introduction

Mining is still one of the pillars of contemporary
industrial society, which provides raw materials needed
to support infrastructures, the energy system, digital tech-
nologies, and the global shift into the realm of low-carbon
economies '”. Simultaneously, the mining process is in-
herently linked to extensive environmental disruption, en-
ergy-intensive, occupational hygiene and safety hazards, as
well as future land-use implications . Since the world is
still screaming out the need for minerals, especially those
that are critical and strategic, the issue of the mining in-
dustry is no longer about the efficiency of extracting the
resource, but more about how mining can be done in a way
that does not disregard the concept of sustainable develop-
ment.

Sustainable development in the mining industry is
often seen through the lens of a harmonious combina-
tion of environmental conservation, social responsibili-
ty, and economic feasibility in the life cycle of the mine,
i.e., exploration and development, operation, closure, and
post-operation stewardship . The increased regulatory
pressures, pressure on investors associated with environ-
mental, social, and governance (ESG) performance, and

increased scrutiny by the public have increased the need

Ventilation

« Air quality & heat control
* Energy-intensive system
* Ventilation-on-demand

* Real-time sensing & control

Geodesy

« Spatial reference frames
« Surveying & positioning
+ Deformation monitoring
* Measurement traceability

to develop transparent, measurable, and verifiable sustain-
ability practices. In this respect, technological systems that
allow constant control, minimization of risk, and maximi-
zation of performance take a determining role in making
sustainability not only a commitment on paper, but a par-
ticipatory reality.

Out of the extensive list of technologies used in the
contemporary mining industry, ventilation systems, geo-
detic measurements, and remote sensing technologies take
one of the most prominent places . These three areas,
though traditionally discussed as independent technical
disciplines, together form the basis of most of the essen-
tial sustainability delivery in the mining sector, including
worker health and safety, energy efficiency and emissions
reduction, geotechnical stability, environmental impacts
monitoring, and long-term land rehabilitation. Their grow-
ing integration, which is enabled by digitalization, auto-
mation, and data integration, presents fresh possibilities
of enhancing the sustainability performance in a holistic
and evidence-based way. An integrated view of sustainable
mining requires linking measurement and control technol-
ogies to outcomes across safety, environment, and efficien-

cy; Figure 1 provides the conceptual framework used in

this review to structure these interactions and their feed-
back.

Remote Sensing

« Satellite & UAV data

« Land & water monitoring
* Wide-area deformation

* Time-series analysis

--

Sustainability Outcomes

Worker Health & Safety : Energy & Emissions : Geotechnical Stability : Environmental Protection : Transparency & ESG

Figure 1. Conceptual framework linking ventilation, geodesy, and remote sensing to sustainability outcomes in mining, highlighting
data flows and feedback loops across safety, energy/emissions, geotechnical stability, and environmental performance.
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The underground mining operations are inherently
associated with the mine ventilation that will guarantee the
acceptable air quality, thermal comfort, and the dilution
of the hazardous gases, dust, and diesel particulate matter.
Ventilation is, however, also one of the greatest energy
consumers in underground mines, and in many cases, 30—
50% of overall site electricity is consumed by ventilation.
With mining ventures moving deeper and requiring more
geologically difficult locations, the demand for ventilation
grows exponentially, and the cost of operations and the
emission of greenhouse gases are multiplied. Ventilation
has therefore become a major leverage point as far as en-
hancing the environmental and economic sustainability
of underground mining goes. Such innovations as venti-
lation-on-demand, high-efficiency fans, real-time sensor
networks, and digital control systems have proven to hold
much potential in terms of energy-saving and safety as
well as safety improvement. However, deployment of this
kind of technology presents new issues regarding system
integration, reliability, and verification of safety-critical
performance *).

Spatial and measurement Mining operations are
based on geodesy and my surveying. Among the key as-
pects of operational efficiency, resource accountability,
and risk management are proper positioning, deformation
monitoring, and volume determination. In the process of
alignment of underground excavations, monitoring of sur-
face subsidence and tailings storage, geodetic techniques
have been used to provide quantitative evidence that is
required to present operational decisions as well as reg-
ulatory compliance. Over the recent years, geodesy has
taken on a larger role than standard surveying to include
continuous deformation studies, automatic measurement
standards and high-precision reference frames that aid
in long-term environmental management. Geodetic data
are especially important in detecting early geotechnical
instability, which in turn will minimize the chances of
disastrous failures with devastating environmental and
social outcomes. The geodetic measurements traceabili-
ty and auditability also lead to the direct contribution of
transparent reporting of ESG performance and trust to the
stakeholders "'*'",

The application of remote sensing technologies such

as satellite-based Earth observation, foot-mounted and un-

manned aerial vehicle (UAV) platforms and ground-based
remote sensing systems has revolutionized the level and
frequency with which the mining processes involved can
be monitored. These technologies allow the systematic
control of the land-use change, vegetation, surface defor-
mation, water bodies, dust emissions, and thermal anoma-
lies at great spatial stretches and time scales. In that regard,
remote sensing is instrumental in setting an environmental
baseline, determining the effects of the operations, and
determining the success of mitigation and rehabilitation
activities. Satellite data is also becoming more high-reso-
lution, and with the development of data analytics and ma-
chine learning, it has even become more useful in remote
sensing as a near-real-time monitoring and early notifica-
tion system. Nonetheless, there are still problems with data
validation, quantification of uncertainties, and integrating
remotely sensed data with in situ measurements and opera-
tional data streams ">,

Ventilation, geodesy, and remote sensing are dis-
cussed separately, even though they constitute a vital part
of the business in terms of industry and academia. Such
compartmentalization may inhibit the success of sustain-
ability plans, wherein most challenges and effects associ-
ated with mining are multi-dimensional and interdepen-
dent by nature. As an example, the ventilation efficiency
can affect not only the energy usage, but also the working
conditions underground that impact productivity and safe-
ty, which have their social and economic consequences.
Equally, geodetic or remote sensing identified deformation
might require alteration in ventilation plans, production
plans, or closure plans. Making these data sources integrat-
ed into single digital platforms, i.e., mine-wide monitoring
platforms or digital twins, provides a route to more flexi-
ble, transparent, and more resilient mining "%,

It is on this background that there is an apparent ne-
cessity of comprehensive synthesis of the role of ventila-
tion, geodesy, and remote sensing in mining sustainability,
as well as the combination of these factors. Although many
papers have discussed the technological gains in each field,
few of the reviews have focused on the aggregate contribu-
tion of these gains in a sustainability context or addressed
the synergies that arise due to the integration of data and
the systems thinking of such integrations. Besides, the

high rate of technological evolution poses some crucial
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questions on the technology preparedness, obstacles in im-
plementation, data management, and the correspondence
between technical innovation and regulatory and social de-
mands "',

This review has the purpose of critically assessing
how the field of ventilation systems, geodetic technologies,
and remote sensing contributes to the promotion of sus-
tainable mining practices. In particular, the review attempts
to: (i) evaluate the contribution of these technologies to
some of the sustainability goals, such as energy savings,
emission reduction, health and safety, the environment and
long-term stewardship; (ii) determine recent technological
advances and their maturity to be applied in the industry;
(iii) outline the research gaps and future opportunities to-
wards the integration of monitoring and decision support
systems; (iv) outline challenges associated with the imple-
mentation, data integration, and uncertainty management.
This review will offer a systematic insight into how mea-
surement, monitoring, and control technologies could be
used to help the mining industry become more sustainable

by viewing it through the lens of the lifecycle and focus-

ing on cross-disciplinary integration to offer researchers
and practitioners alike a proper insight into the potential of
AMC tools in enhancing the sustainability of the mining
industry """,

The rest of the article is structured in the following
way. Section 2 is devoted to mine ventilation and its con-
tribution to sustainable underground activities, specifical-
ly, to energy use, emissions, and digital control measures.
Section 3 discusses how geodesy is important in ensuring
the responsible extraction of resources, risk management,
and monitoring of the proposed activity post-closure. Sec-
tion 4 examines remote sensing technologies and their
use in environmental monitoring and transparency in the
mining lifecycle, and their combination with geodetic and
operational data. Lastly, Section 5 summarizes the key re-
sults and provides future research and development needs
of integrated, sustainability-based mining systems. To situ-
ate the three technical domains within a unified sustainable
development perspective, Table 1 summarizes their prima-
ry contributions across the mining life cycle from baseline

characterization to post-closure stewardship.

Table 1. Sustainability contributions of ventilation, geodesy, and remote sensing across the mining life cycle.

Mining Life-

Cycle Phase Ventilation Contributions

Geodesy Contributions

Remote Sensing Contributions

Exploration & Not typically applicable, but it informs Spatial control for drilling, topogra-

Feasibility early underground design assumptions phy, and baseline deformation

Mine Devel-  Design of primary ventilation circuits Alignment of shafts, declines, and

opment and airflow requirements

Operations Control of air quality, heat, and con-  Production surveying, deformation
taminants; energy optimization monitoring, volume reconciliation

Closure Adjustment of ventilation during Final landform documentation and

drawdown and sealing

Post-Closure  Limited role except for sealed under-

ground monitoring

stability verification

Long-term subsidence and infrastruc-
ture stability tracking

Baseline land cover, vegetation, hy-
drology, and terrain characterization

Surface disturbance mapping and

tunnels; reference frame establishment construction monitoring

Land-use change, dust and water prox-
ies, subsidence and slope monitoring

Monitoring of rehabilitation, erosion,
and residual deformation

Long-term environmental recovery
and land-use change assessment

2. Ventilation for Sustainable Min-
ing Operations

2.1.Role of Mine Ventilation in Health, Safety,
and Sustainability

Underground mining system ventilation is a basic
element of the underground mining system, which de-
termines occupational health, safety of operations, and

sustainability performance. Its main task is to provide ad-

equate amounts of fresh air to underground workings and
also dilute and carry out the toxic pollutants like diesel
exhaust gases, blasting fumes, respirable dust, radon, and
surplus heat. Poor ventilation has dire short-term effects,
such as health hazards to employees, low productivity, and
high chances of mishaps. Sustainability also means that ef-
fective ventilation cannot survive without the social aspect
of mining since it is at the basis of the well-being of work-

ers and the moral obligation of my owners ™'*.
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Ventilation also has an impact on the environmental
and economic sustainability, besides the health and safety.
Trustworthy airflow allocation permits the effective imple-
mentation of mechanized and automated machinery and
minimizes interruptions caused by air quality limitations,
and serves to sustain more profound and intricate mining.
Nonetheless, with further development of mines, which
delve to deeper levels, ambient rock temperatures increase,
and airways length and resistance increase, causing a sig-
nificant increase in ventilation requirements. These issues
have increased the necessity to balance the requirements of
safety with the requirements of energy efficiency, and ven-
tilation has become the key area of concern in the design
and operation of the underground mines in a sustainable

18,1
manner [z, 9].

2.2.Energy Consumption and Carbon Foot-
print of Ventilation Systems

One of the biggest areas of energy consumption
in underground mines is ventilation systems, which can
usually represent a good percentage of all the electricity
consumed on the site. Main and auxiliary fans needed to
overcome airway resistance and keep the airflow rates in
the prescription are the primary sources of energy demand.
Further energy is used in cooling systems in deep or hot
mines, where ventilation air has to be conditioned to en-
sure that thermal conditions are acceptable. Consequently,
the ventilation is inextricably tied to the operating costs as
well as the indirect greenhouse gas emission especially in
areas where electricity is produced using fossil fuels *”'.

The mine's carbon footprint, which is related to mine
ventilation, depends on a number of factors such as the
depth of the mine, the complexity of the layout, the rate
of production, the composition of the equipment fleet, and
the weather. Traditional ventilation methods tend to use the
worst-case scenario in the form of constant airflow supply,
which results in a high degree of over-ventilation when the
activity levels fall. This lack of balance between the supply
of airflow and real demand is a significant inefficiency and
one of the primary areas of sustainability. Measuring the
energy utilization and emissions associated with ventilation
has hence become a significant element of environmental
reporting as well as the life cycle assessment in the mining

industry. Measures like specific energy consumption per

ton of ore mined, or per unit of airflow, give a foundation
when it comes to benchmarking and the improvement of
performance, but must be interpreted with respect given to

site-based conditions 2.

2.3. Technological Advances toward Sustain-
able Ventilation

Improvements in technology over the last few years
have brought about a higher possibility of reducing the
level of energy and environmental footprint of mine venti-
lation systems. Ventilation-on-demand, which is a dynamic
and continuous adjustment of airflow distribution based on
real-time data on the equipment location, workforce pres-
ence, and environmental conditions, is one of the most in-
fluential innovations. Ventilation-on-demand systems have
the potential to save a significant amount of energy and be
able to comply with safety requirements by only supplying
air where and when it is needed. Such systems rely on the
quality of sensor network, communications, and control
algorithms, which are able to respond to quickly varying
operational conditions ***".

The technology of the fans has also improved to
gain sustainability. The better use of the energy-efficient
fan, variable speed drives, and more flexible designs of
fans allows for better control of airflow than the traditional
fixed-speed systems. The leakage reduction through better
ducting, regulators, and stoppings also contributes to better
performance of the system, as the ducting required to de-
liver air to a required destination is present. Simultaneous-
ly, the progressive switching to battery-electric or hybrid
mining machinery is changing the ventilation demand pat-
terns by trimming down the contaminants that release heat,
even though the heat loads and charging infrastructure are
creating new constraints in ventilation design ***).

There has been an investigation around the integra-
tion of renewable sources of energy and energy storage
systems into mine power supplies as yet another avenue in
minimizing the carbon intensity of ventilation. Although
this is not achieved directly by reducing the airflow re-
quirements, it can reduce the emissions associated with it
and enhance energy resilience. But their practicality is sub-
ject to the site-related factors, such as the connection to the

grid, climate conditions, and regulatory policies .
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2.4. Monitoring, Modeling, and Digitalization
of Ventilation Systems

Mine ventilation has become a major enabler of sus-
tainable operation because it has been digitalized. The con-
temporary ventilation systems are more and more based
on dense systems of sensors that detect the airflow, gas
concentrations, temperature, humidity, and pressure. Such
data streams serve as the basis for monetizing real-time,
performance evaluation, and adaptive control. The quality
of the data, the reliability of the sensors, and adequate cal-
ibration are critical as ventilation choices are life or death
decisions, and they can be mistakenly made with severe
outcomes 7.,

Ventilation modeling has a complementary role as
it offers a framework of system design, scenario analysis,
and optimization. Airflow distribution and contaminant
transport, pressure losses, and airway evaluation through
simulation modeling. Best computational fluid dynamics
combined with network model-based assessments are very
popular in evaluating airflow and contaminant distribution.
Such models can be used to support predictive analysis
and the need to evaluate alternative ventilation strategies
when calibrated using field measurements. More recently,
the idea of digital twins has been proposed, which com-
bines real-time data with dynamic models to facilitate the
continuous optimization of a system and what-if analysis.
Although digital twins have great potential, their applica-
tion is still challenging, and it will require immense com-
putational assets, interdisciplinary knowledge, and data

integration ***’],

2.5. Sustainability Trade-Offs and Implemen-
tation Challenges

Although the advanced ventilation technologies have

the evident potential to enhance sustainability, they are not
adopted without some difficulties. Initial capital may be a
barrier to implementation, especially when the operation
is small to medium-sized, due to the high costs associat-
ed with retrofitting existing mines. The more automated
and data-driven the system is, the more tasks it becomes
to operate without new skill sets among the engineering
staff and the operational staff. The issue of cybersecurity
and system resilience also emerges as a critical one, as the
main functions that are safety-critical have become depen-
dent on digital infrastructure. In addition, trade-offs of sus-
tainability need to be handled. The energy efficiency poli-
cies must not jeopardize the reliability of ventilation or the
security of workers, and any decrease in the airflow must
be justified by a stringent risk assessment and the regulato-
ry license. The advantages of energy saving and emissions
should be compared to the risks that may arise as a result
of system failure or any errors in sensors. In the context of
general sustainability, proper ventilation will lead to social
acceptance due to preserving the well-being of workers
and low impacts of energy consumption and emissions in
the community .

In short, mine ventilation takes a central place in the
quest for sustainable underground mining. It is one of the
most important challenges because of the energy density,
as well as one of the most promising areas of development
in the case of technological advances and digitalization.
The concept of ventilation as a dynamic, data-driven entity
and not a fixed part of the infrastructure is key to the inte-
gration of the safety, environmental, and economic goals of
a sustainable mining system """, The sustainability leverage
of mine ventilation depends on the selection and integra-
tion of technologies that jointly satisfy safety constraints
and reduce energy intensity; Table 2 synthesizes the major
technology classes, expected benefits, and key implemen-
tation limitations.

Table 2. Ventilation technologies and operational strategies and their sustainability implications in underground mining.

Ventilation Technology Primary Function

Sustainability Benefit Key Limitations

Conventional fixed airflow
ventilation

Ventilation-on-demand
(VOD)

Dynamic airflow allocation

Variable speed drives Fan speed optimization

High-efficiency fan designs  Reduced aerodynamic losses

Electrified equipment Reduced diesel contaminants

interaction

Reduced energy use and emissions

Improved energy efficiency
Lower lifecycle energy consumption

Potential reduction in airflow demand

Continuous contaminant dilution High reliability and regulatory familiarity ~Energy-intensive and often inefficient

Dependence on sensors, automation,
and data reliability

Capital cost and control complexity
Retrofit constraints in existing systems

Heat loads and charging infrastructure
challenges
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3. Geodesy as a Foundation for Re-
sponsible Resource Extraction

3.1. Geodetic Principles and Spatial Reference
Frameworks in Mining

Geodesy is the scientific and technical basis of all
spatial measurements in the mining industry, which al-
lows the precise determination of position, orientation, and
deformation in the surface and underground ™', Funda-
mentally, geodesy can be used to create consistent spatial
reference frames based on coordinate systems, datums, and
reference networks that enable similarity of measurements
with time and across datasets. This uniformity is crucial in
mining activities as it ensures spatial integrity of the mine
life cycle and comprises exploration, drilling and mine de-
velopment, mine closure and post-closure monitoring.

These changes have led to the rise of the value of
geodetic rigor in mining due to the growing need to use
high-precision spatial data. The reference frame errors or
datum shifts may be transferred through the working oper-
ational procedures, resulting in the misalignment of exca-
vation, false volume calculations, and safety margins. Geo-
detic accuracy and traceability can be utilized to achieve
sustainability benefits to ensure conscientious extraction
of resources by reducing dilution and wastage, improving
infrastructure siting, and offering auditable documentation
to reimburse regulatory compliance and environmental re-

porting °,

3.2.Mine Surveying and Operational Efficien-
cy

Mine surveying is one of the practical uses of geo-
detic concepts in mining. Proper surveying is the basis
of virtually every mine planning and execution activity,
such as shafts and tunnel layout, blasting and excavation
control, and volume of extracted material calculation. In
underground mines, accurate direction of development
headings minimizes the chance of breakthrough errors,
enhances productivity and causes excavation that is unnec-
essary which saves energy and materials. At the surface,
correct topographic surveys are used in designing the pits,
optimizing the haul roads, as well as the management of

stockpiles, which directly translate into the efficiency of

operations and their impact on the environment ™%,

Developments in surveying technology have altered
the traditional measurement practice that was traditional.
The rate of spatial measurements has been improved by
the use of automated total stations, laser scanners, inertial
navigation systems and satellite-based positioning technol-
ogies. The tools allow almost continuous tracking of mine
geometry and allow making decisions more responsively.
Contributing to the sustainability of resource utilization by
eliminating uncertainty in the spatial data, modern geodetic
systems lead to more effective utilization of resources and
minimize the risk of rework or environmental disturbance

due to design errors *>**,

3.3.Deformation Monitoring and Geotechni-
cal Risk Management

Deformation monitoring and geotechnical risk man-
agement are two of the most important roles played by
geodesy in sustainable mining. Stresses caused by mining
may result in deformation of the ground, subsidence, slope
instability, and structural failures that are very dangerous
to workers, infrastructures, and the community around
them. Geodetic monitoring systems present quantitative
data on ground movements that allows to spot the danger-
ous trends in time and taking the appropriate mitigation
measures 'Y,

Surveillance of surface and underground deforma-
tions is often based on benchmarks, global receivers of
the global navigation satellite system, and automated total
stations with support of remote sensing (e.g., interfero-
metric synthetic aperture radar). Such measurements are
able to detect slow and fast motions, which can be used to
establish warning levels and risk-based decision models.
Geodetic monitoring has, in the recent past, been integrat-
ed as an indispensable part of responsible management and
regulatory control in the context of tailings storage facili-
ties where failure may have disastrous environmental and
social outcomes %,

The process of deformation monitoring needs perti-
nent measurements, sound interpretation, and uncertainty
measurements. The major difficulty is to identify noise and
the presence of meaningful deformation signals, especially
in complicated geological contexts. Geodesy is a source of

defensible, traceable data, which can be used to facilitate
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open-minded risk reporting and enhance the stakeholders'

trust in the mining activity and its safety and viability 7.

3.4.Geodesy in Mine Closure and Post-Clo-
sure Stewardship

Not only is geodesy an element of active mining op-
erations, but also mine closure and post-closure when the
questions of long-term environmental stability and com-

B8 To monitor the

patibility of land-use take center stage
outcome of rehabilitation, as well as monitor additional
deformation or subsidence once the mining activities are
ceased, spatial data is needed to effectively record end-
stage landforms. The long-term monitoring programs that,
in most instances, are based on geodetic reference net-
works, which are developed as a result of the operations is

likely to ensure continuity and comparability in the mea-

Exploration & Feasibility

» Baseline control networks

surements over long periods of time.

Post-closure monitoring, which involves geodesy,
aids in sustainable development because it assists in the
early indications of slowed-down motions of the ground,
erosion, or deteriorating infrastructure. This knowledge
is valuable in the conservation of the ecosystems, water
sources, and the locals. Moreover, access to viable geo-
detic records will facilitate accountability and support the
legal and regulatory processes, which entail mine closure
conditions. To that extent, geodesy could provide both
technical and ethical support to a long-term custodianship
of mined landscapes . Geodesy contributes to sustain-
ability not only during production but also through long-
term stewardship obligations; Figure 2 summarizes how
geodetic functions evolve across the mine life cycle while
maintaining continuity through stable spatial reference

frameworks.
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v
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Figure 2. Geodetic monitoring across the mining life cycle, showing continuity of reference frames and the evolution of surveying

and deformation monitoring objectives from development to post-closure stewardship.
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3.5.Data Governance, Standards, and Inte-
gration with Other Monitoring Systems

With more volumes and complexity of geodetic data,
good data governance turns out to be a focus area of sus-

441 There is a need to have standardized

tainable mining '
metadata and quality control practices from documentation
that ensures that spatial data remains interpretable and re-
liable across time. Other monitoring systems, such as ven-
tilation data and remote sensing products, are becoming
increasingly important in the analysis and decision support
of geodetic data.

Geodesy can be used to introduce greater levels of
holiness in the evaluation of mining impacts and risks,
as it has the potential to be integrated with digital mine
platforms and environmental monitoring systems. Spatial
and temporal relationships produced by shared reference
frames and time synchronization enable exploration of
spatial relationships and temporal relationships between
various datasets that are utilized to support advanced an-

alytics and predictive models. Nevertheless, data own-

ership, cybersecurity, and long-term availability are also
problematic in terms of such integration, in particular, with
the monitoring of post-closure and the transparency of the
population "+,

Overall, geodesy has a core contribution to the re-
sponsible and sustainable mining in the form of precise,
traceable, and combinable spatial data across the mine life
cycle ™. Its investments are not only in operational effi-
ciency and reduction of risks, but also in environmental
stewardship and trust of the stakeholders. The need to have
a good geodetic framework and practice will only increase
as the mining systems are becoming more digital and net-
worked, making this practice more of a core value in the
sustainable development of mining. Because deformation
and stability risks require both high-precision local mea-
surements and wide-area surveillance, Table 3 compares
commonly used geodetic and remote sensing techniques in
terms of scale, typical accuracy, and practical constraints,
clarifying why multi-sensor monitoring is increasingly ad-

opted.

Table 3. Geodetic and remote sensing techniques for deformation and stability monitoring: scales, typical performance, and con-

straints.
Technique Spatial Scale Typical Monitoring Target Strengths Limitations
Accuracy
GNSS monitoring Local to regional ~ mm-cm Subsidence, surface High precision, Requires infrastructure and
deformation continuous a clear sky view
Automated total Local sub-mm-mm Slopes, walls, and Very high accuracy ~ Line-of-sight constraints
stations underground openings
InSAR Regional mm—cm  Subsidence, TSFs, slopes Wide-area coverage, Decorrelation, atmospheric
historical analysis effects
UAV Local cm Stockpiles, pit walls, High resolution, Weather and regulatory
photogrammetry rehabilitation flexible deployment constraints
Terrestrial LIDAR Local mm-cm Slopes, structures Dense point clouds  Limited spatial coverage

4. Remote Sensing for Environmen-
tal Monitoring, Impact Assess-
ment, and Transparency

4.1.Role of Remote Sensing in Sustainable
Mining

The concept of remote sensing has turned out to be

an essential contribution to moving mining towards sus-

tainability, as the method permits systematic, repeatable,

and spatially comprehensive monitoring of environmental

and operational procedures. Unlike conventional ground-
based surveillance, remote sensing technologies are capa-
ble of offering synoptic coverage of extensive and often
inaccessible regions, and this attribute is especially useful
in the spatial scale and complexity of mining operations.
Remote sensing can be used to provide an objective eval-
uation of the environmental change, the risk evolution,
and adherence to the regulatory and social expectations
through constant or regular observation “***

Remote sensing also plays a role in each stage of the

mining life cycle in the context of sustainable develop-
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ment. In the exploration and project development, it aids in
background characterization of the land cover, the hydrolo-
gy, and the ecological situation. In its operations, it allows
tracking the surface disturbance, a proxy of emission, and
geotechnical stability. After the closure, remote sensing en-
ables a long-term assessment of the success of the rehabil-
itation and recovery of the environment. The applicability
of the lifecycle puts remote sensing as a major facilitator
of transparency and accountability on the mining sustain-

ability performance "),

4.2. Remote Sensing Technologies and Observ-
ables Relevant to Mining

There is a great variety of remote sensing technolo-
gies that are used in mining, and all of which complement
one another by informing about the environmental and
physical processes. The use of optical and multispectral
satellite images is a common method of mapping land-use
change, vegetation health, and surface disturbance due to
mining activities. Hyperspectral records also make it easi-
er to detect mineralogical and geochemical signatures and
facilitate the use of hyperspectral data in both exploration
and environmental monitoring tasks. The temperature pat-
tern of the surface at any given time can be detected using
thermal remote sensing, and this can be a sign of sponta-
neous combustion in waste dumps, water discharge aberra-
tions, or sources of heat in a process ***".

Another method where synthetic aperture radar and
interferometry can be used is deformation monitoring,
since both technologies are largely unaffected by cloud

[50

cover and lighting ®°. The techniques have found applica-
tion especially in the detection of ground subsidence, slope
movements, and deformation of tailings storage facilities
over large regions and long durations. At smaller spatial
scales, high-resolution mapping of topography, stock-
piles, and infrastructure can be done with airborne and un-
manned aerial vehicle platforms with photogrammetric or
LiDAR sensors. Remote sensing based on the ground, e.g.,
terrestrial radar and laser scanners, offers a continuous ob-
servation of the areas of concern where rapid deformation
can take place. Collectively, these technologies constitute a
multi-scale observational system that can be used to mea-

sure the sustainability in a comprehensive way.

4.3. Applications across the Mining Life Cycle

The main role of remote sensing in setting environ-
mental baselines before the mining process is paramount
in the impact assessment and rehabilitation evaluation
that follows the mining process. Remote sensing assists
objective comparisons between pre- and post-mining
conditions by having been proven to offer historical and
pre-disturbance data on vegetation, water bodies, and
landforms. In the course of operations, time-series anal-
ysis of data collected by satellites and UAV's will make it
possible to trace the expansion of the surface, the growth
of waste facilities, and the alteration of the ecosystems
around them. There is a growing use of such analyses to
check on the adherence to land-use permits and environ-
mental management plans “**',

Another level of critical contribution to sustainable
mining by remote sensing is that of water-related impacts
(21 Surface water extent, sediment plumes, and moisture
pattern changes can be tracked through time, which will
give indirect measurements of water quality and hydro-
logical change. Dust emissions are difficult to measure di-
rectly in space, but can be estimated using plume tracking
and changes in surface reflectance with the help of meteo-
rological data. During the post-closure and closure stages,
remote sensing assists in monitoring the long-term success
of revegetation, erosion, and landscape stabilization, and it
is relevant in adaptive management and regulatory assur-

ance.

4.4.Data Processing, Analytics, and Uncer-
tainty Considerations

Remote sensing can be useful in sustainable mining,
whereby data availability, as well as effective processing
and analysis, is also important. Raw remote sensing data
should be preprocessed with great caution to achieve spa-
tial and temporal consistency by performing geometric,
atmospheric, and co-registration. The trends and anomalies
associated with mining operations are typically detected
by change detection techniques, such as simple differenc-
ing, to more sophisticated time-series and machine learn-
ing-based techniques .

Although there has been an improvement in ana-

lytics, the issue of uncertainty has been a major issue in
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remote sensing usages. Data quality and interpretation
can be affected by sensor resolution, revisit frequency, at-
mospheric conditions, and surface heterogeneity. Ground
measurements and geodetic measurements are thus needed
to validate and calibrate the remote sensing products. The
uncertainty and methodological assumptions must be re-
ported transparently when the remote sensing data is going
to be utilized in regulatory compliance, risk management,
or in communicating to the population **. The solution of
these problems enhances the reliability of remote sensing

as a decision-support tool for sustainable mining.

4.5. Integration with Geodesy, Ventilation, and
Digital Mine Systems

Remote sensing has full sustainability potential that
is achieved when it is combined with other monitoring and
control systems in a mining operation. The ability to spa-
tially align products of remote sensing with appropriate
reference frameworks of geodetic systems allows the accu-
rate combination of remote sensing products with survey
data, deformation measurements, as well as mine planning
models. The temporal integration enables observation of
remotely sensed data to be connected to operational events,
ventilation conditions, and measurements of the environ-
ment, and offers deeper contextual insights about changes
being observed ***,

This integration is useful in the formulation of digital
mine platforms and decision-support systems, integrating
surface and subsurface information on a variety of scales
Bl As an example, the signals of deformation observed
with the help of the satellite radar can be identified with
the progress of excavation underground or modification
of the ventilation scheme, and this will contribute to the
risk evaluation and reaction strategy. On a larger scale, in-
tegrated datasets will result in more transparent reporting
on sustainability, as observed environmental outcomes can
be connected with the way operations are conducted. But
to attain this integration, data governance, interoperability,
and long-term accessibility should be given due consider-
ation especially in terms of mine closure and disclosure to
the public.

A critical barrier to integrated mine monitoring lies
in the complexity of data fusion across ventilation telem-

etry, geodetic networks, and satellite observations. These

systems operate at fundamentally different spatial and tem-
poral scales: ventilation sensors provide high-frequency,
localized measurements; geodetic networks offer high-pre-
cision but spatially discrete deformation data; and satellite
observations deliver wide-area coverage at comparatively
lower temporal resolution. Aligning these datasets requires
robust spatial referencing and time synchronization frame-
works.

Furthermore, data heterogeneity in format, resolu-
tion, and uncertainty structure complicates integration.
Ventilation telemetry is often continuous and operationally
driven, whereas geodetic and remote sensing datasets re-
quire preprocessing, filtering, and validation. Propagation
of uncertainty across fused datasets remains insufficiently
standardized, limiting confidence in integrated analytics.

Additional challenges include data interoperability
across proprietary platforms, calibration inconsistencies
between in situ and remote measurements, and the lack
of unified data governance frameworks. Addressing these
challenges is essential for enabling reliable multi-sensor
early warning systems and digital mine observatories.

In conclusion, remote sensing has become an ef-
fective and multifunctional instrument that can help in
sustainable development in mining. It increases the im-
pact assessment and risk management and transparency
throughout the mining lifecycle by allowing the objective,
large-scale, and continuous monitoring of environmental
and physical processes. Integrating with geodetic mea-
surements and operational data, remote sensing can help
bring about a more comprehensive and evidence-based
approach to sustainable mining to match technological
possibilities with societal and environmental demands
4253 ‘Moving from fragmented monitoring to adaptive,
auditable sustainability management requires integration
of subsurface control and surface observation; Figure 3
proposes an architecture for a digital mine observatory that
unifies ventilation, geodesy, and remote sensing within a
decision-support workflow. To translate technical capabil-
ity into sustainable outcomes, implementation barriers and
research priorities must be treated as system-level issues;
Table 4 consolidates the principal challenges and future
directions for integrated monitoring, modeling, and gover-

nance.
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Ventilation Telemetry

* Airflow & pressure sensors

* Gas & heat monitoring

+ Fan power consumption

* Ventilation-on-demand status

Geodetic Measurements

* GNSS & total stations

« Deformation time series

* Subsidence & slope movement
« Reference frame control

Remote Sensing Data

« Satellite & UAV imagery

* [nSAR deformation maps

* Land & water indicators

« Environmental change detection

\ 3

Integrated Digital Mine Observatory

* Data fusion & synchronization -

* Spatial-temporal alignment ~

* Uncertainty management \
* Predictive modeling & digital twins \

Decision Support & Reporting

» Early warning alerts » Energy & emissions KPIs
* Geotechnical risk dashboards * ESG & regulatory reporting

Data Governance and Stewardship

* Traceability & auditability « Cybersecurity & access control « Lifecycle data continuity

Figure 3. Integrated digital mine observatory architecture combining ventilation telemetry, geodetic measurements, and remote sens-

ing time series to support decision-making, early warning, and auditable sustainability reporting.

Table 4. Challenges, sustainability implications, and future research directions for integrated ventilation—geodesy—remote sensing

systems.
Domain Current Challenge Sustainability Impact Future Research Direction
Ventilation Energy-intensive baseline designs High emissions and operating costs Predictive, Al-assisted ventilation control
Geodesy Fragmented monitoring systems Delayed hazard detection Unified deformation thresholds and standards

Remote sensing Uncertainty and validation gaps

Data integration Interoperability and governance

Lifecycle stewardship ~ Post-closure data continuity

Misinterpretation of environmental impacts
Limited decision support

Long-term environmental risk

Standardized uncertainty reporting
Digital twins and open data models

Persistent monitoring frameworks

5. Conclusion

The concept of sustainable development in min-
ing cannot be achieved by making small technological
advancements in one specific area; rather, it must be a
system-wide approach that connects the operations of a
company with its past outcomes regarding worker health
and safety, energy and emissions output, environmental
protection, and long-term custodianship. In this larger con-
text, ventilation, geodesy, and remote sensing are not only
technical domains of specialization but also facilitating
infrastructures of sustainable mining. Ventilation controls
the productivity and habitable conditions of underground

mines and is one of the most significant types of energy

requirements in deep mining. Geodesy gives reason to an
accountable excavation, tracking of deformations, and re-
portable accountability throughout the mine life cycle by
giving it the spatial fidelity and traceable value of mea-
surement. Remote sensing is also scalable, repeatable, and
land, water, and ground stability observation, enhancing
environmental control and ensuring disclosure to regula-
tors, investors, and communities.

One of the key lessons of this review is that the sus-
tainability value of such domains grows considerably when
they have to be considered as an integrated ecosystem of
monitoring and control instead of individual functions.
There are more efficient ventilation methods like ventila-

tion-on-demand that could help decrease the intensity of
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energy and emissions, and safe and reliable implementation
is also subject to sound sensing, calibration, and verifica-
tion practices. Geodetic networks and deformation moni-
toring can be used to give important early warning signals
on geotechnical hazards, especially on slopes, subsidence,
and tailings storage facilities, and can be reinforced by
combining with remote sensing products, e.g., InNSAR and
high-resolution UAV-based terrain models. Remote sensing,
in its turn, will be easier to put into action when outputs are
normalized to the reference frames, checked against ground
measurements, and interpreted regarding its operational
context, such as the production plans, infrastructure devel-
opments, and underground conditions. The combination
of these capabilities underlies the transition from periodic
compliance checking to continuous risk management and
dynamic environmental performance.

Simultaneously, this review demonstrates the on-
going issues that restrict wider application and influence.
The reliability of sensors in adverse mine conditions, in-
termittent and uncertain data in remotely sensed products,
and difficulties in calibration of models due to changing
networks of ventilation and geomechanical processes over
time are all technical barriers. Organizational issues are
the necessity of interdisciplinary working processes, the
training of the workforce, and the accurate definition of
the data quality and decision limit. Issues of governance
are also critical and these include cybersecurity, metadata
and interoperability standards, chain-of-custody to mea-
sure safety-critical, long-term maintenance of monitoring
records (especially during closure and post-closure stages
when accountability goes beyond active production). Even
some advanced monitoring cannot help form trust or make
defensible decisions without any reasonable uncertainty
quantification and clear communication of restrictions.

To ensure applicability across diverse mining con-
texts, monitoring systems must be designed as scalable
architectures that align with varying levels of digital ma-
turity. At the foundational level, operations typically rely
on standalone ventilation measurements, periodic geodetic
surveys, and externally sourced remote sensing data, pri-
marily supporting compliance and basic risk identifica-
tion. As digital capacity increases, intermediate systems
integrate these datasets through centralized databases and

shared spatial reference frameworks, enabling semi-auto-

mated processing and near-real-time monitoring. More ad-
vanced operations adopt fully integrated digital platforms,
where ventilation telemetry, geodetic networks, and remote
sensing time series are combined within unified environ-
ments to support predictive analytics and decision-making.
At the highest level of maturity, digital twins and Al-driv-
en systems enable continuous data assimilation, automat-
ed optimization of ventilation performance, and proactive
identification of geotechnical and environmental risks.
Such a tiered and scalable framework allows incremental
implementation, reduces technological and financial bar-
riers, and ensures that integrated monitoring can support
sustainable mining practices across operations with differ-
ing resource and infrastructure constraints.

In summary, it is possible to conclude that ventila-
tion, geodesy, and remote sensing represent a useful basis
of sustainable mining since they allow quantifying, verify-
ing, and making constant improvements. Their integration
will decrease energy and emissions, improve the geotech-
nical and environmental risk management, and increase
the transparency of the mine life cycle. The capacity of the
industry to implement operational sustainable development
in the future, as mining expands to meet future material
demands due to the increased demands on sustainabili-
ty, is bound to continue to rely on the effectiveness with
which the industry deploys and links these measurement,
monitoring, and control technologies into coherent and au-

dit-ready as well as decision-relevant systems.
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