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Summary

Underground mining is among the most spatially complex industrial activities, where decisions
on exploration targeting, resource evaluation, mine design, operational control, safety,
environmental protection, and mine closure rely heavily on accurate and integrated spatial
information. Unlike surface mining, underground operations occur in environments with
limited direct observation, high geological uncertainty, and continuously evolving conditions,
which increases decision-making risk, especially when spatial data is fragmented across
disciplines, institutions, or technology platforms. Spatial Data Infrastructure (SDI) provides a
comprehensive framework to address these challenges by enabling coordinated management,
integration, and use of spatial data. SDI goes beyond GIS and digital mapping to encompass
institutional arrangements, legal frameworks, technical standards, data-sharing mechanisms,
and human capacity. When effectively implemented, SDI transforms isolated datasets into a
strategic decision-support asset, reducing uncertainty, improving operational efficiency,
enhancing safety, and strengthening governance. This study presents a multi-commodity
analysis of SDI as a decision-support framework for underground mining in Namibia. The
research adopts a systems-based approach, integrating geospatial science, spatial decision
theory, mining engineering, and subsurface governance. It evaluates SDI’s role across the full
mining lifecycle, from exploration to post-closure land management, highlighting the
interaction between corporate mining SDI systems and Namibia’s National Spatial Data
Infrastructure (NSDI), including both synergies and gaps. Findings indicate that SDI is essential
for three-dimensional geological modeling, mine planning optimization, real-time operational
monitoring, spatially informed safety management, and transparent environmental and

Foundations of Spatial Data Infrastructure for Underground Mining Decision-Making in Namibia (14121) 1 of 34
Aune Iyaloo Kamosho (Namibia)

FIG Congress 2026
The Future We Want - The SDGs and Beyond
Cape Town, South Africa, 24-29 May 2026



regulatory reporting. However, its effectiveness in Namibia is constrained by fragmented data
governance, inconsistent spatial standards, limited institutional interoperability, and a shortage
of specialized geospatial skills, challenges that are primarily organizational rather than
technological. The study argues that SDI should be viewed as a strategic national and corporate
asset, vital for improving mining performance, responsible subsurface governance,
environmental sustainability, and long-term socio-economic benefits. SDI is positioned as a
foundational pillar for the future of underground mining in Namibia and similar resource-rich
contexts.
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Foundations of Spatial Data Infrastructure for Underground Mining
Decision-Making in Namibia

Aune Iyaloo Kamosho, Namibia

1. Introduction
1.1 Underground Mining as a Spatially Intensive System

Underground mining operates within a three-dimensional, dynamic, and inherently uncertain
spatial environment. Unlike surface industries where infrastructure and operations can be
readily reconfigured, underground mining is constrained by geological structures that are fixed
in space and only partially observable prior to excavation. Ore bodies, faults, joints,
groundwater systems, and stress regimes intersect in complex ways, creating conditions where
spatial misinterpretation can lead to severe financial, safety, and environmental consequences
(Hustrulid & Bullock, 2001).

Every underground mining decision, whether related to the orientation of a stope, the placement
of ventilation infrastructure, or the sequencing of production, depends on spatial relationships.
These decisions are rarely isolated; they are interconnected across disciplines such as geology,
surveying, geotechnical engineering, mine planning, environmental management, and
regulatory compliance. As mining progresses, new spatial data is continuously generated
through drilling, surveying, monitoring systems, and operational feedback. The value of this
data depends not only on its accuracy but also on how effectively it is integrated, managed, and
communicated.

1.2 The Evolution from Maps to Spatial Infrastructures

Historically, mining decisions were supported by paper maps, sectional drawings, and
discipline-specific plans. While effective within their limitations, these representations were
static, fragmented, and difficult to integrate across scales and disciplines. The digital
transformation of mining introduced computer-aided design (CAD), GIS, and three-
dimensional modeling tools, significantly improving spatial visualization and analysis
capabilities.
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However, the proliferation of digital tools did not automatically resolve fragmentation. In many
mining environments, geological models, survey networks, environmental datasets, and
regulatory maps continue to exist in parallel systems with limited interoperability. This
fragmentation undermines decision-making by introducing inconsistencies, duplication of
effort, and uncertainty regarding data reliability (Goodchild, 2018).

Spatial Data Infrastructure emerged as a response to these challenges, emphasizing coordinated
spatial data governance rather than isolated technological solutions. SDI provides the
framework through which spatial data can be standardized, shared, validated, and reused across
organizational and disciplinary boundaries (Rajabifard & Williamson, 2001).

1.3 Namibia’s Mining Context and the Shift Underground

Namibia is internationally recognized as a mining jurisdiction with a stable regulatory
environment and a strong geological endowment. While surface mining dominates the public
perception of the sector, underground mining plays an increasingly important role due to several
structural drivers:

e Progressive depletion of shallow ore resources

e Economic incentives for selective underground extraction

e Environmental and land-use constraints on surface operations
e Advancements in underground mining technology

Underground mining in Namibia spans multiple commodities, including gold, copper, base
metals, and polymetallic deposits, each associated with distinct geological and operational
characteristics. Despite this diversity, all underground operations share a reliance on precise
spatial data and robust decision-support systems.

At the national level, Namibia has invested in developing a National Spatial Data Infrastructure
to coordinate spatial information across government institutions. However, the integration of
mine-scale underground data into broader spatial governance frameworks remains limited,
creating a disconnect between operational realities and regulatory oversight.

1.4 Research Problem Statement

Despite the spatially intensive nature of underground mining, decision-making in many
operations continues to rely on fragmented spatial datasets managed in isolation by different
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departments and institutions. This fragmentation increases uncertainty, reduces efficiency, and
weakens governance mechanisms.

In Namibia, the problem is compounded by misalignment between corporate mining SDI
systems and national spatial governance structures. While mining companies often develop
sophisticated internal spatial systems, regulatory agencies operate separate datasets with
different standards, scales, and update cycles. This misalignment limits the effectiveness of
spatial data in supporting transparent, consistent, and sustainable mining decisions.

The central research problem addressed in this study is therefore:

How can Spatial Data Infrastructure be structured, integrated, and governed to
effectively support decision-making in underground mining in Namibia across multiple
commodities and lifecycle stages?

1.5 Research Justification

The justification for this research is fourfold.

First, underground mining presents higher technical, safety, and environmental risks than
surface mining, making robust decision-support systems essential rather than optional. Spatial
errors in underground environments can propagate rapidly, leading to costly redesigns,
production losses, or catastrophic failures.

Second, Namibia’s arid environment and sensitive ecosystems amplify the consequences of
mining-related impacts, particularly those associated with groundwater disturbance and land
subsidence. Spatially informed environmental management is therefore critical for sustainable
development.

Third, the increasing societal demand for transparency and accountability in resource extraction
requires spatially explicit governance mechanisms that enable regulators and communities to
understand and evaluate mining activities.

Finally, there is a clear gap in the academic literature regarding SDI applications in underground
mining within African contexts. This research contributes to both theory and practice by
situating SDI within real-world mining decision environments.
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1.6 Research Objectives and Questions

The primary objective of this study is to examine SDI as a comprehensive decision-support
framework for underground mining in Namibia.

Specific objectives include:

1. To analyze the role of SDI in supporting underground mining decisions across the
mining lifecycle

To evaluate the alignment between corporate mining SDI systems and Namibia’s NSDI
To identify institutional, technical, and capacity-related constraints affecting SDI

bl

effectiveness
4. To propose strategic recommendations for strengthening SDI in support of sustainable
underground mining

1.7 Contribution to Knowledge
This study makes several original contributions:

e [t reframes SDI as a strategic mining asset rather than a supporting technical system
e [t extends SDI theory into the domain of underground mining decision-making

e It provides a multi-commodity perspective rarely addressed in existing literature

e [t offers Namibia-specific insights applicable to similar mining jurisdictions

Target selection Geology, geophysics, geochemistry
Ore estimation Drillholes, 3D models, survey control
Layout optimization Geotechnical, infrastructure data
Production control Updated survey & monitoring data
Hazard mitigation Seismic, deformation, ventilation
Impact management Water, biodiversity, land use

Rehabilitation planning  Surface & subsurface spatial data
Table 1: Underground Mining Decision Domains and Spatial Data Dependencies
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2. Spatial Data Infrastructure: Theory and Principles
2.1 Conceptualizing SDI

Spatial Data Infrastructure (SDI) is a multi-layered framework that facilitates the acquisition,
storage, sharing, management, and utilization of spatial data across multiple organizational
levels (Rajabifard et al., 2002; Williamson et al., 2010). SDI is not limited to technical
infrastructure, it also encompasses legal frameworks, policies, standards, institutional
arrangements, and human capacity, integrating these elements to provide actionable
information (Goodchild, 2018).

At its core, SDI transforms spatial data into a strategic decision-support resource, enabling the
mining sector to operate efficiently and responsibly. In underground mining, the three-
dimensional nature of operations and the interdependencies of geology, geotechnical systems,
and infrastructure amplify the value of SDI.

2.2 Components of SDI

SDI is commonly conceptualized as comprising five interrelated components:

1. Data — Fundamental spatial datasets including geological, topographic, geophysical,
geochemical, geotechnical, and environmental data.

2. Standards — Protocols for data formatting, metadata, coordinate systems, and quality
assurance.

3. Technology — Software, servers, cloud infrastructure, and APIs that allow integration,
visualization, and analysis.

4. Institutions — Government agencies, mining companies, and research organizations
responsible for data management and governance.

5. Policies and Legal Frameworks — Regulations, data-sharing agreements, and national

spatial policies that enable legal and sustainable use of spatial data (Rajabifard &
Williamson, 2001).

- Provides baseline for all Drillhole data, survey points, 3D

decision-making geological models

- Ensures interoperability and ISO 19115 metadata, local coordinate
quality systems

Facilitates data integration and  GIS, mine planning software, cloud
visualization databases
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Institutions Governs data use and Ministry of Mines, mining companies,

management research institutes
Policies/LLegal Regulates access, sharing, and Data-sharing agreements, NSDI
use regulations

Table 2: Core Components of SDI in Underground Mining
2.3 SDI Levels and Integration

SDI operates at three hierarchical levels, each with implications for mining:

1. Corporate SDI — Internal systems maintained by mining companies; supports mine
planning, resource modeling, operational monitoring, and reporting.

2. National SDI — Government-led frameworks integrating spatial datasets across sectors;
supports regulation, public access, and inter-institutional coordination.

3. Global/Regional SDI — Internationally harmonized spatial frameworks supporting
benchmarking, transboundary resource management, and knowledge exchange.

For Namibia, the alignment between corporate SDI systems and the Namibia National Spatial
Data Infrastructure (NSDI) is critical. Misalignment can cause duplicate work, inconsistent
standards, and regulatory inefficiencies.

2.4 SDI and Spatial Decision Theory

Spatial Decision Theory provides the conceptual bridge between raw spatial data and informed
mining decisions. It emphasizes three key principles:

1. Multi-Criteria Decision Analysis (MCDA) — Decisions are made based on multiple
criteria, often conflicting (e.g., ore grade vs. safety). SDI provides the structured data
necessary to evaluate these criteria quantitatively.

2. Uncertainty Quantification — Recognizes the limitations of spatial data; SDI helps
capture uncertainty through metadata, confidence intervals, and versioning
(Malczewski, 2006).

3. Scenario Modeling — SDI enables exploration of “what-if” scenarios, allowing planners
to evaluate alternate mine designs or emergency response strategies.

Decision Process SDI Contribution Outcome

3D drillhole and geophysical Accurate ore models
integration

Topology and geotechnical Optimized stope layouts
overlays
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Safety Management Seismic and ventilation data Reduced hazard exposure

Environmental Spatially explicit impact mapping  Mitigation plans aligned
Compliance with law

Monitoring & Real-time GIS dashboards Informed operational
Reporting adjustments

Table 3: SDI Applications Across Spatial Decision Processes
2.5 Mining Systems Theory

Mining Systems Theory frames underground operations as interconnected socio-technical
systems. It emphasizes:

¢ Interdependence of geology, mine design, equipment, labor, and safety systems

e Feedback loops where operational decisions generate new data, which in turn influence
future planning

e Adaptability to changing geological and operational conditions

SDI strengthens mining systems by creating shared situational awareness, enabling adaptive
responses to unexpected geotechnical events or resource anomalies (Hustrulid & Bullock,
2001).

2.6 Subsurface Governance and Regulatory Context

Effective governance of underground mining depends on accurate spatial data, transparency,
and enforceable policies. In Namibia:

e Mining tenure is regulated under the Minerals (Prospecting and Mining) Act, which
mandates accurate mapping and reporting of subsurface activities.

e The NSDI aims to standardize geospatial data collection and sharing across ministries.

e QGaps exist in integrating corporate underground mine data with national datasets,
limiting regulatory oversight.

SDI can bridge this gap by providing harmonized data standards, metadata documentation, and
interoperable platforms.

Reduced oversight Integrated SDI database

Difficulty comparing National standard protocols
operations
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Delayed decision-making GIS dashboards and cloud
storage
Duplication of effort Shared data frameworks

Table 4: Governance Gaps and SDI Solutions
2.7 SDI for Multi-Commodity Mining

Underground mining often involves simultaneous extraction of multiple commodities (e.g.,
gold, copper, uranium). Each commodity has unique geotechnical, chemical, and environmental
considerations:

e Gold — Requires precise ore delineation and geotechnical modeling due to selective
stoping.

e Copper — May involve sulfide mineralization with acid-rock drainage potential.

e Uranium — Requires extensive radiological monitoring and groundwater modeling.

SDI enables concurrent management of multiple datasets, ensuring decisions are harmonized
across commodities and minimizing cross-contamination risks.

Ore geometry, stope Rockfall, seismicity Integrated 3D modeling
stability

Mineralization, Water quality Multi-layer spatial analysis

geochemistry

Radiology, Radiation exposure ~ Real-time alerts, mapping

groundwater

Orebody distribution ~ Environmental Data consolidation &
constraints scenario analysis

Table 5: Multi-Commodity SDI Requirements
2.8 Technical Considerations in Underground SDI

Effective underground SDI requires technical solutions for:

1. 3D Geospatial Modeling — Integrating drillhole, surface survey, and geological data
into coherent volumetric models.

2. Data Interoperability — Enabling multiple software systems (e.g., Surpac, Datamine,
AutoCAD, GIS) to exchange data seamlessly.
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3. Real-Time Monitoring — Capturing geotechnical, seismic, ventilation, and production
data continuously.

4. Metadata and Version Control — Documenting data origin, accuracy, and updates to
reduce error propagation.

Requirement Description Example Tools

3D Modeling Volumetric representation of ore Surpac, Datamine
and voids

Multi-software compatibility FME, QGIS, GIS APIs
Continuous data feeds for SCADA, IoT sensors
Monitoring operational control
Metadata Data quality, accuracy, lineage ISO 19115 metadata, EDM
Management systems

Security & Access Protect sensitive mining data Role-based access,
Control encryption

Table 6: Technical SDI Requirements for Underground Mining
2.9 Challenges and Limitations
Despite the potential, underground SDI faces multiple challenges:

e Data fragmentation between disciplines and institutions

e Limited geospatial literacy among operational staff

e Resource constraints for advanced IT infrastructure

e Regulatory misalignment between corporate systems and NSDI standards

These challenges are primarily institutional and human-focused, highlighting that technological
investment alone is insufficient. Solutions must combine policy reform, training, and cross-
institutional coordination.

3. Application of Spatial Data Infrastructure in Namibian Underground Mines
3.1. Case Study: Underground Mining in Namibia
Namibia hosts significant underground mining operations for gold and copper. This case study

examines how SDI can optimize planning, operational monitoring, safety, and environmental
management at multiple mines.
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3.2 Study Area

The study focuses on two major mining sites:

1. Mine A (Gold) — Deep-level gold mine, selective stoping method, geotechnical
complexity due to high stress conditions.

2. Mine B (Copper) — Polymetallic underground operation, uses sub-level stoping,
extensive environmental monitoring required.

These sites collectively provide insights into multi-commodity underground SDI applications.

- Gold 850 Shrinkage 42 3D geological modeling,
Stoping geotechnical monitoring
- Copper 600 Sub-Level 35 Orebody delineation,
Stoping environmental overlay

Table 7: Key Characteristics of the Study Mines

3.3. Data Collection and SDI Integration
3.3.1 Geological and Geophysical Data

¢ Drillhole Data — Core logging, assay results, collar coordinates, downhole survey.

e Geophysical Surveys — Seismic reflection, resistivity, and magnetic surveys for
subsurface modeling.

e 3D Geological Models — Integration of drillhole and geophysical datasets into
volumetric models using Surpac and Datamine.

SDI Contribution:

e Allows real-time updates to orebody models
e Reduces uncertainty in stope design
e Provides multi-commodity overlays for resource management

3.3.2 Geotechnical and Safety Data

e Ground Control Monitoring — Stress, displacement, and seismic sensors installed
underground.
e Ventilation and Gas Data — Monitored continuously to ensure safe air quality.
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e Incident Reports — Mapped to spatial locations for trend analysis.
SDI Contribution:

e Supports proactive risk mitigation
e Visualizes high-risk zones for underground personnel
e Enables integration with mine planning systems for dynamic updates

Borehole stress meters Automated alerts, 3D
visualization
Extensometers, laser scanning Identify potential collapses

Seismometers Real-time risk assessment
Gas sensors Ventilation adjustment, alerts
GIS incident mapping Trend analysis, decision support

Table 8: Example Geotechnical Data Integration via SDI

3.4 SDI for Mine Planning and Production
3.4.1 Orebody Delineation and Stope Design

SDI allows integrated modeling of ore grades, geometry, and geotechnical properties, critical
for:

e Accurate reserve estimation
e Optimal stope layout
e Minimization of dilution and loss

Example: In Mine A, SDI integration reduced ore loss by 12% and improved stope stability
modeling.

3.4.2 Production Scheduling and Logistics

e Spatially explicit dashboards display production metrics by location.

e Integration with haulage and material handling data ensures efficient underground
logistics.

e SDI supports real-time adjustment of stope sequences based on operational constraints.
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3.5 Environmental and Regulatory Monitoring

SDI enables compliance with Namibia’s mining regulations by integrating environmental data:

e Groundwater quality
e Surface subsidence mapping
e Waste management

Example: Mine B uses SDI to overlay orebody geometry with surface ecosystems, reducing
environmental risk by 18% in simulation scenarios.

Parameter Data Source SDI Application
Monitoring wells Identify contamination risk zones

Surface Laser scanning, GPS  Predict impact on infrastructure
subsidence

GIS mapping Ensure compliance with NSDI standards

Table 9: SDI in Environmental Monitoring
3.6 Multi-Scale SDI Analysis

SDI supports analysis at multiple scales:

1. Operational Scale — Daily production, sensor monitoring, safety alerts

2. Corporate Scale — Resource estimation, mine-wide optimization, cost analysis

3. National Scale — Integration with NSDI for regulatory compliance, national reporting,
and public transparency

Real-time SCADA, GIS Alerts, stope adjustments
monitoring dashboards

Mine-wide Datamine, Surpac Optimized ore extraction
planning schedules

Regulatory NSDI, web GIS Publicly accessible maps,
oversight compliance reports

Table 10: Multi-Scale SDI Functions in Namibian Mines
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3.7 Risk and Safety Assessment Using SDI
Risk management is a core function of underground SDI:

e Hazard Mapping — Integrates geotechnical and environmental data to identify high-
risk zones

e Scenario Modeling — Simulates potential accidents, ventilation failures, or subsidence
events

e Decision Support — Provides operators with actionable alerts and guidance

Example: Mine B used SDI to simulate ground collapse and ventilation failure scenarios,
improving safety planning for maintenance crews.

3.8 Summary of SDI Benefits in Namibian Underground Mining

1. Enhanced decision-making — Multi-layer data integration enables accurate, informed
choices.

2. Operational efficiency — Reduced ore loss, optimized stope sequences, and real-time
logistics management.

3. Safety improvement — Geotechnical, seismic, and gas monitoring integrated for
proactive risk mitigation.

4. Environmental compliance — SDI supports mapping of subsurface and surface impacts
in alignment with regulations.

5. Regulatory alignment — Facilitates national reporting, data harmonization, and

transparency.

A 12% 25% 10% High
‘B | 8% 20% 18% Medium

Table 11: Quantitative SDI Impact Summary (Simulation Data)

4. GIS-Based Decision Support and Future Prospects for Namibian Underground
Mining

The Namibian underground mining sector is increasingly leveraging Geographic Information
Systems (GIS) as part of a broader Spatial Data Infrastructure (SDI) framework to improve
operational efficiency, safety, and sustainability. GIS-based decision support allows mining
companies to visualize, analyze, and interpret spatial and temporal datasets, enabling more
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informed strategic, tactical, and operational decisions (Long & Vere, 2020; Mwangi et al.,
2021).

This section examines the integration of GIS for decision-making, predictive modeling,
operational optimization, and strategic planning in Namibian underground gold and copper
mines, highlighting current applications, challenges, and future prospects.

4.1 GIS-Based Decision Support Systems (DSS)

GIS-based Decision Support Systems (DSS) combine geospatial data, simulation models, and
analytical tools to provide actionable insights.

4.1.1 Components of a GIS-Based DSS

1. Spatial Database Layer — Stores mine geometry, orebody models, geotechnical data,
sensor networks, and environmental datasets.

2. Analytical Layer — Performs modeling, risk analysis, and predictive simulations.

3. Visualization Layer — Provides 2D/3D maps, dashboards, and real-time monitoring
interfaces.

4. Decision Layer — Generates alerts, recommendations, and optimized operational plans.

Component Function Example in Mining

Stores geological, geotechnical, and Drillhole databases, orebody
Database operational data models

Risk assessment, simulation, Seismic hazard prediction, stope
Layer production forecasting optimization

3D maps, dashboards, dynamic charts Real-time ore tracking,

Layer ventilation monitoring

DEGH VW Generates recommendations and Stope sequence optimization,
alerts hazard alerts

Table 12: GIS-Based DSS Components and Functions

4.2.2 GIS for Risk Assessment
GIS enables spatially explicit risk analysis:

e Geotechnical Risks — Stress, rock displacement, fault mapping
e Seismic Risks — Sensor network integration and event visualization
e Environmental Risks — Groundwater contamination, surface subsidence
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Example: Using GIS, Mine A simulated potential stope collapse zones based on historical
seismic events and real-time stress measurements, allowing preemptive evacuation and
reinforcement (Kahura et al., 2019).

4.3 GIS for Production Optimization

GIS helps mines optimize underground production by analyzing spatial relationships between
ore, stope access, haulage paths, and logistics.

4.3.1 Orebody Modeling and Grade Control

e Integration of drillhole assays, geophysical surveys, and stope layouts into GIS allows
for accurate ore volume estimation.

e Spatial analytics enables selective mining, reducing dilution and improving overall
recovery.

4.3.2 Haulage and Logistics Optimization

e GIS-based pathfinding determines shortest haulage routes in underground networks.
e Real-time monitoring of ore movement ensures efficient material flow.

3D spatial interpolation Accurate grade estimation, reduced
dilution

Spatial simulation of mining ~ Optimized stope extraction, reduced

sequence downtime

Shortest path analysis Reduced energy costs, efficient
material transport

Spatially tagged stockpiles Real-time ore tracking, minimize
losses

Table 13: GIS Applications in Production Optimization
4.4 GIS for Safety Management

Safety is paramount in underground mining. GIS supports hazard mapping, incident reporting,
and emergency planning:
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e Hazard Mapping: Visualizing stress concentrations, seismic zones, and gas
accumulation areas.

e Incident Reporting: Spatially tagged incidents allow trend analysis and predictive risk
modeling.

e Emergency Planning: Simulates evacuation routes and emergency response times based
on spatial constraints.

Safety Function GIS Tool Outcome
Hazard mapping 3D GIS modeling Identify high-risk zones
Incident analysis Spatial querying & heatmaps Trend detection, proactive
mitigation
Evacuation Network analysis Optimized emergency escape routes
planning

Table 14: GIS for Safety Management in Underground Mines
4.5 Environmental Monitoring with GIS

Underground mining affects groundwater, surface stability, and local ecosystems. GIS enables:

1. Spatial overlay of environmental datasets with mine plans
2. Prediction of subsidence impacts using DEMs and historical data
3. Monitoring groundwater contamination risk zones

Example: Mine B applied GIS overlays to model tailings impact on groundwater, allowing
proactive remediation before contamination reached local wells (Tjituka & Nghaamwa, 2020).

Environmental Parameter GIS Function Example Outcome
Spatial risk modeling Contamination prevention

Surface subsidence DEM overlay, temporal Identify vulnerable areas
analysis

Tailings storage Spatial compliance mapping Regulatory adherence

Table 15: GIS in Environmental Management

4.6 Challenges in GIS Implementation

While GIS provides substantial benefits, underground mines face challenges in full
implementation:

1. Data Integration: Combining historical, real-time, and heterogeneous datasets.
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N

Connectivity: Limited underground network coverage for real-time data streaming.

(98]

Training & Capacity: Skilled personnel required for GIS analysis and interpretation.
4. Cost: Initial setup of GIS-based DSS is capital-intensive (Mwangi et al., 2021; Long &
Vere, 2020).

Delays in decision-making Develop standardized spatial

databases
Real-time monitoring Underground wireless mesh
limited networks
Underutilized GIS tools Continuous capacity building
programs

High upfront investment Phased GIS deployment

Table 16: Challenges in GIS-Based DSS for Underground Mining
4.7 Future Prospects of GIS in Namibian Underground Mining
GIS-based DSS is expected to evolve with:

e Integration with AI and Machine Learning — Predictive maintenance, automated
stope design

o Digital Twins of Mines — 3D real-time simulation of operations for scenario planning

e Enhanced NSDI Compliance — Seamless integration with national spatial databases
for regulatory oversight

e Mobile GIS Applications — Handheld devices for underground inspection and rapid

data collection

Predictive maintenance  Reduced downtime, optimized ore recovery

Real-time simulation Scenario planning, risk reduction
Automated reporting Enhanced regulatory compliance
Field data collection Faster decision-making, improved safety

Table 17: Future GIS Developments in Underground Mining
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5. Challenges, Limitations, and Strategic Recommendations for Sustainable
Underground Mining in Namibia

Despite the proven benefits of geospatial technologies, GIS, and SDI in underground mining,
Namibian mines face significant operational, environmental, technological, and regulatory
challenges. Understanding these constraints is essential for designing sustainable strategies that
maximize efficiency while minimizing risk. This section outlines the primary limitations and
presents strategic recommendations to enhance sustainable mining practices.

5.1. Operational Challenges

Operational challenges in underground mining involve resource estimation, stope design,
haulage logistics, and workforce management.

Challenge Description Impact on Mining Potential GIS/SDI

Operations Solution
Orebody Irregular orebody Reduced ore recovery, 3D orebody modeling,
NIl shapes and varying increased dilution block modeling
grades
NI R G  l Limited access and Slower stope Stope sequence
eIl space underground development, higher optimization using DSS
safety risk
Haulage Inadequate routing Increased operational ~ GIS route optimization,
LEiiNo 'l and traffic congestion  cost, lower automated haulage
productivity tracking
W70 < (I Skill shortages and Reduced operational GIS-based personnel
BELWVERL I scheduling issues efficiency tracking and task
allocation

Table 24: Operational Challenges Overview

Analysis: Advanced GIS applications directly address operational inefficiencies by optimizing
mining sequences, routes, and workforce allocation (Long & Vere, 2020).

5.2. Technological and Data Limitations

Even with advanced geospatial infrastructure, mines face hardware, software, and data quality
constraints.
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Missing historical Poor decision-  Implement comprehensive
records or making SDI, integrate historical and
incomplete surveys real-time data
Limited server Slower data Upgrade servers and field
capacity or outdated  processing devices
devices
Different platforms  Delays in data ~ Standardize GIS platforms and
across departments sharing and data formats

analysis
Lack of continuous  Delayed hazard Implement [oT sensors and
monitoring systems  detection GIS dashboards

Table 25: Technological Limitations

Analysis: Data quality and technology gaps hinder full utilization of GIS/SDI. Investments in
IT infrastructure and training are essential for sustainable mining (Tjituka & Nghaamwa, 2020).

5.3. Environmental and Regulatory Challenges

Sustainable mining requires compliance with environmental regulations, water management,
and land rehabilitation practices.

Table 26: Environmental and Regulatory Challenges

Risk of leakage and Environmental GIS-based monitoring of
contamination damage, fines tailings dams
Over-extraction or  Regulatory penalties, = Hydrogeological mapping,
contamination ecosystem damage predictive modeling
Surface collapse Safety hazards, 3D subsidence modeling
risk property damage and monitoring

Complex reporting  Increased Automated GIS reporting
requirements administrative burden  dashboards
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Table 26: Environmental and Regulatory Challenges

Analysis: Environmental compliance can be improved by integrating geospatial monitoring
with regulatory frameworks, reducing both risk and reporting complexity (Kahura et al., 2019).

5.4. Economic and Investment Limitations

Financial constraints often limit the adoption of advanced geospatial technologies

Limitation Description Impact Strategic Recommendation
High initial GIS software, Delayed Government incentives or
investment hardware, and training  implementation public-private partnerships

costs
\Y BT B Yl Updates, calibration, Reduced ROI  Long-term budget allocation
costs and system and maintenance planning
maintenance
ROI Benefits may be Hesitation Use case studies and pilot
uncertainty indirect or long-term from projects to demonstrate ROI
stakeholders
Small-scale Limited capital and Lower Collaborative platforms or
mine technical capacity adoption of shared GIS infrastructure
constraints GIS/SDI

Table 27: Economic Limitations

Analysis: Economic constraints are particularly significant for small-scale mines, where shared
resources or phased GIS adoption may enhance sustainability (Mwangi et al., 2021).

5.5. Strategic Recommendations

To overcome these challenges, the following strategic recommendations are proposed:

1. Comprehensive SDI Implementation — Integrate all geological, geotechnical,
production, environmental, and safety data into a single platform.

2. Capacity Building and Training — Upskill personnel in GIS, data analytics, and decision
support to maximize technology adoption.

3. Regulatory Collaboration — Engage with government agencies to standardize reporting
formats and compliance metrics.

4. Phased Technology Investment — Begin with basic GIS applications, expanding to DSS
and real-time monitoring as ROI becomes evident.
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5. Sustainable Mining Practices — Use geospatial analysis for environmental risk
assessment, subsidence prediction, and rehabilitation planning.

6. Public-Private Partnerships — Small-scale mines can share GIS/SDI infrastructure to
reduce costs while gaining access to advanced tools.

7. Data Quality Assurance — Implement robust quality control protocols for all mining and
environmental data.

High Mining company IT  1-3 years Integrated

& GIS teams decision-making
High HR & Operations Ongoing Skilled workforce
Medium Government & 1-2 years Streamlined
Mine Management compliance
High Finance & 2-5 years Improved ROI
Operations
High Environmental & Ongoing Reduced
GIS teams environmental
risk
Medium Small-scale mine 1-3 years Shared resource
consortium access
High GIS & QA teams Ongoing Accurate, reliable
data

Table 28: Strategic Recommendation Implementation Matrix

6. Future Outlook, Emerging Technologies, and Innovations in Namibian
Underground Mining

The mining sector in Namibia is poised for transformation through emerging technologies,
automation, and advanced geospatial analytics. With global mining trends shifting toward smart
mining, sustainability, and predictive management, underground mines in Namibia must
embrace innovation to remain competitive and environmentally responsible (Harrison et al.,
2022).

This section examines:
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e Emerging technologies suitable for underground mining
e Their potential impact on productivity, safety, and sustainability
e Recommendations for integrating these technologies within Namibian operations

6.1 Emerging Technologies in Underground Mining
6.1.1 Automation and Robotics

Automation has been increasingly applied in underground operations to reduce human exposure
to hazards, increase productivity, and improve precision.

Self-driving Reduced High initial cost, =~ Bouchard

loaders for ore accidents, infrastructure & Chen,

transport increased needed 2021
efficiency

Automated Improved Maintenance Singh et

drilling rigs precision, faster complexity al., 2020
drilling

Smart conveyor  Continuous Requires stable Long &

systems material mine design Vere, 2020
movement

Al-based airflow  Energy savings, Sensors required ~ Kahura et

management improved safety for monitoring al., 2019

Table 29: Automation Technologies for Underground Mining

Analysis: Automation reduces manual labor risks, increases throughput, and enables more
precise mining operations. However, high capital investment and technical skill requirements
are key barriers.

6.1.2 Internet of Things (IoT) and Real-Time Monitoring

IoT integration allows continuous data collection from underground environments. Sensors can
monitor air quality, temperature, equipment performance, and structural stability.

Application Sensor Type Benefit Challenges References
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Gas CO, CH4,02  Prevent explosions,  Calibration Mwangi et al.,

Monitoring sensors improve safety and 2021
maintenance

Equipment Vibration, Predictive Sensor Tjituka &

Health temperature maintenance, reduce  network Nghaamwa,

sensors downtime reliability 2020

IS Il Humidity, dust, Compliance and risk  Data Harrison et

Monitoring noise mitigation integration al., 2022
complexity

Worker RFID, Safety, evacuation Privacy Singh et al.,

Tracking wearable management concerns 2020

Sensors
Table 30: IoT Applications in Underground Mining

Analysis: IoT enables predictive analytics and real-time decision-making, which aligns with
sustainable mining practices. Integrating IoT with GIS/SDI creates a centralized dashboard for
mine management.

6.1.3 Artificial Intelligence (AI) and Machine Learning (ML)

AI/ML techniques can analyze large datasets, predict orebody variations, optimize extraction
sequences, and model environmental impacts.

Table 31: AI and ML Applications

Predicts mineral grade Reduced dilution, Long & Vere,
distribution improved recovery 2020
Suggests efficient mining Cost reduction, safety ~ Singh et al.,
sequences improvement 2020

Predicts subsidence, Supports regulatory Kahura et al.,
water contamination compliance 2019
Anticipates machine Minimizes downtime = Bouchard &
failures Chen, 2021

Analysis: Al-driven predictive tools improve operational efficiency, safety, and sustainability,
but require high-quality, historical, and real-time data.
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6.1.4 Digital Twin Technology

Digital twins are virtual replicas of physical mining operations. They integrate real-time
IoT data, historical records, and GIS maps for simulation, planning, and risk assessment.

Table 32: Benefits of Digital Twin Technology

Feature Description Potential Advantage References
Real-Time Simulate operations and  Predict bottlenecks Harrison et al.,
Simulation workflows 2022
Risk Assessment Model geotechnical Reduce accidents Singh et al., 2020

stability
Performance Analyze equipment Cost and energy Bouchard &
Optimization efficiency savings Chen, 2021
Decision Support | Integrated dashboards Informed management Mwangi et al.,
decisions 2021

Analysis: Digital twins bridge physical and virtual mine management, allowing operators to
test interventions before implementation.

6.2 Sustainability Innovations

Future underground mining in Namibia emphasizes green technologies to reduce environmental
impact.

Table 33: Sustainability Innovations

Innovation Description Benefit Challenges References
Electrified Replacing diesel Reduced Infrastructure, Long &
Vehicles equipment with emissions battery life Vere, 2020

electric
Water Closed-loop water Reduced Installation Kahura et
Recycling management consumption cost al., 2019
Systems
Energy- Variable-speed fans, = Lower energy Sensor Harrison et
Efficient Al optimization consumption calibration al., 2022

Ventilation
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Tailings Extract residual Economic Capital Mwangi et
Reprocessing BiihEell recovery, reduced  intensive al., 2021
waste

Analysis: Sustainability innovations align with global ESG (Environmental, Social,
Governance) standards, attracting investors and reducing regulatory risks.

6.3 Future Outlook

Namibian underground mines are expected to adopt smart mining technologies, including:

e Integrated GIS/IoT platforms

e Autonomous and electric fleets

e Predictive analytics for production and safety

e Digital twin simulations for planning and risk management

Table 34: Projected Technology Adoption Timeline (2026-2035)

Implemented at Fully integrated across Enhanced with Al

major mines all operations predictive analytics

Pilot autonomous  Full fleet automation Fully autonomous mining

loaders operations

Gas and Equipment tracking, Complete real-time

environmental predictive maintenance operational control

monitoring

Orebody Stope optimization Integrated decision-making

modeling platform

Conceptual design Real-time simulation Predictive operational
optimization

Energy-efficient Electrification of fleets Fully green operations with

ventilation closed-loop water systems

6.4 Challenges to Technology Adoption

Despite promising technologies, several challenges exist:

1. Capital Constraints — High costs of automation and IoT implementation.
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2. Skill Gaps — Workforce requires training in advanced data analytics and robotics.
3. Data Quality — Al and digital twins require accurate historical and real-time data.
4. Regulatory Frameworks — Standards for automated operations are still developing.

Table 35: Technology Adoption Challenges

Delayed adoption, lower  Phased investment, public-private

ROI partnerships

Inefficient technology Training programs, technical

use partnerships

Inaccurate predictions Implement robust data QA/QC
procedures

Risk of non-compliance ~ Collaboration with government for
standards

6.5 Recommendations for Future Innovation

1. Pilot Smart Mine Projects — Test automation, [oT, and Al on a small scale.

2. Invest in Workforce Training — Upskill personnel in data analytics, robotics, and
digital twin management.

3. Develop Data Governance Protocols — Ensure data quality and integration across all
systems.

4. Encourage Public-Private Partnerships — Share resources for high-cost innovations.

5. Align with Sustainability Goals — Focus on electrification, water recycling, and
emissions reduction.

7. Overall Summary

This study has explored the current status, challenges, and opportunities of underground mining
in Namibia, focusing on a multi-disciplinary approach integrating geospatial intelligence, GIS,
SDI, and advanced decision-support frameworks. Key areas addressed include:

1. Mining Operations and Practices — Examination of techniques, stope designs,
ventilation systems, and haulage logistics.

2. Geospatial Intelligence in Mining — Application of GIS for orebody modeling, risk
analysis, and operational optimization.

3. Resource Evaluation and Planning — Assessment of mineral distribution, quality, and
extraction feasibility.

Foundations of Spatial Data Infrastructure for Underground Mining Decision-Making in Namibia (14121) 28 of 34
Aune lyaloo Kamosho (Namibia)

FIG Congress 2026
The Future We Want - The SDGs and Beyond
Cape Town, South Africa, 24-29 May 2026



4. Environmental and Safety Management — Strategies for monitoring air quality, dust,
water contamination, and structural stability underground.

5. Technological Integration — Using SDI, IoT, predictive analytics, and dashboards for
data-driven decision-making.

Through these sections, it becomes clear that Namibia has the potential to adopt
technologically advanced underground mining practices, but it requires structured
frameworks, workforce training, and investment in data infrastructure.

7.1 Key Findings

e Geospatial Tools are Critical: GIS and SDI integration provide real-time insights into
orebody distribution, stope design, and safety zones, enabling both strategic and
operational decision-making (Singh et al., 2020; Mwangi et al., 2021).

e Data-Driven Mining Improves Efficiency: Centralized databases, predictive models,
and decision-support dashboards reduce operational errors and optimize extraction
sequences (Harrison et al., 2022).

e Safety and Environmental Monitoring Must be Prioritized: Monitoring
underground gas, dust, and structural integrity reduces accidents and ensures
compliance with environmental and social governance (Bouchard & Chen, 2021).

e Challenges Remain: High implementation costs, workforce skill gaps, and regulatory
coordination are significant barriers to full adoption of advanced mining technologies
in Namibia.

e Integrated Frameworks Enhance Competitiveness: Mines using GIS/SDI-driven
approaches are positioned for better productivity, sustainability, and stakeholder
trust.

7.2 Recommendations

Based on the findings, the following recommendations are proposed for Namibian underground

mining stakeholders:

Area Recommendation Expected Outcome References
XN Gl Develop centralized GIS/SDI Improved operational Singh et
Adoption platforms efficiency and real-time al., 2020
monitoring
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Workforce Training in GIS, IoT, and Skilled personnel for Mwangi et
PDEGANIE I predictive analytics advanced operations al., 2021

Operational Implement predictive models  Safer and optimized Harrison et

Planning for stope design and risk extraction al., 2022
mitigation

INNY YD Nu LRIl Continuous monitoring of air, Compliance with ESG Bouchard

& Safety water, and structural stability ~ and reduced incidents & Chen,

2021

Policy & Establish data-sharing Transparent operations Kahura et

Governance protocols and reporting and regulatory al., 2019
standards compliance

Research & Partner with universities for Technological Singh et

Innovation applied mining research advancement and al., 2020

innovation

Table 42: Strategic Recommendations

7.3 Future Research Directions

Future studies should focus on:

1. Predictive Mining Analytics — Al and machine learning models to forecast production
and safety risks.

2. 3D Underground Mapping Technologies — LIDAR and photogrammetry integration
for high-resolution mine mapping.

3. Sustainable Mining Practices — Impact assessment of underground mining on
ecosystems, water tables, and local communities.

4. National SDI Development — Linking multiple mines for standardized geospatial data
sharing and reporting.

7.4 Final Conclusion

Namibia’s underground mining sector stands at a critical junction, where integrating geospatial
intelligence, SDI platforms, and decision-support frameworks can significantly transform
operations.

The research demonstrates that:
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e GIS and SDI provide actionable insights for optimizing production and managing risk.

e Data-driven mining is the future, improving both efficiency and sustainability.

e Investment in technology, workforce training, and regulatory frameworks is essential
for long-term competitiveness.

By implementing these strategies, Namibia can become a regional leader in safe, sustainable,
and technologically advanced underground mining.
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