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INTRODUCTION
Plain Language Summary

Mining is essential for providing materials we use every
day, but the way mining is done can greatly affect costs
and safety. This paper compares two main methods of
mining: surface mining (where minerals are extracted

Abstract

The mining sector constitutes a vital industry that supplies indispensable raw materials
for the realms of construction, manufacturing, and technological advancement. The
selection of mining techniques—either surface or underground—significantly influences
operational expenditures, productivity levels, safety considerations, and ecological
implications. This research articulates a comparative evaluation of surface and
underground mining methodologies concerning costefficiency and safety performance
metrics. A comprehensive literature review encompassing 75 scholarly sources published
from 2015 to 2025 was executed, incorporating peerreviewed journal articles, industry
analysis reports, and case studies from diverse geographical regions and resource
commodities. The findings reveal that surface mining typically incurs reduced
operational costs, ranging from 20% to 50% less than its underground counterpart, and
attains enhanced productivity owing to more accessible operations and the capacity for
continuous workflow. Nevertheless, surface mining poses risks of environmental
degradation, while safety hazards persist due to equipmentrelated accidents and
exposure to airborne particulates and acoustic disturbances. Conversely, underground
mining, despite its higher costs and complexities, provides safer occupational
environments in particular scenarios, notably for deeper resource deposits, and mitigates
adverse surface environmental effects. Compliance with regulatory frameworks and
advancements in technology further influence the selection of mining methods and their
resultant outcomes. The results underscore that mining enterprises must judiciously
weigh geological factors, economic considerations, safety imperatives, and enduring
environmental obligations in their method selection processes. The integration of cost-
effectiveness with comprehensive safety management is imperative to enhance both
operational efficacy and the protection of the workforce.

miners work in tunnels). The study shows that surface
mining is usually cheaper and more productive, while
underground mining can be safer in certain situations.
The paper concludes that mining companies need to
carefully consider both costs and safety when choosing

from the ground) and underground mining (where which method to use.
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1. Introduction

Mining is a vital industry that supplies essential raw
materials for various sectors, including construction,
manufacturing, and technology. The choice of mining
method—surface or underground—significantly impacts
operational costs, safety outcomes, and environmental
considerations. Surface mining involves removing
overburden to access minerals located near the earth's
surface, while underground mining requires excavating
tunnels to reach deeper mineral deposits (Mudd, 2019).
The decision between surface and underground mining
is influenced by several factors, including the type of
mineral being extracted, geological conditions,
economic considerations, and safety requirements. Each
method has distinct advantages and disadvantages that
can affect the overall efficiency and safety of mining
operations (Hilson, 2020).

1.1 Objectives of the Study
This research paper aims to:

1.  Compare surface and underground mining
methods in terms of cost-effectiveness.

2. Analyze safety performance associated with each
mining method.

3. Evaluate the implications of mining method
choice on operational efficiency and worker
safety.

4. Provide recommendations for  mining

companies regarding method selection based on
cost and safety considerations.
The analysis focuses on both surface and underground
mining operations, highlighting the diverse approaches
to cost management and safety across different mining
contexts.

2. Literature Review

2.1 Overview of Surface Mining

Surface mining is characterized by the removal of
overburden to access mineral deposits located near the
surface. This method is commonly used for extracting
coal, metal ores, and industrial minerals. Surface mining
techniques include open-pit mining, strip mining, and
mountaintop removal (Mudd, 2019).

Advantages of Surface Mining:

e Lower Costs: Surface mining typically has lower
operational costs compared to underground
mining due to reduced labor requirements and
higher productivity rates. Studies indicate that
surface mining can be 20-50% cheaper than
underground mining (Hilson, 2020).

¢  Higher Productivity: Surface mining operations
can achieve higher production rates, as
equipment can operate continuously without the
constraints of underground conditions (Mudd,
2019).

e  Easier Access: Surface mining allows for easier
access to minerals, reducing the need for
complex infrastructure such as shafts and
tunnels.

Disadvantages of Surface Mining:

e  Environmental Impact: Surface mining often
leads to significant environmental degradation,
including habitat destruction, soil erosion, and
water pollution (Hilson, 2020).

e  Safety Risks: While surface mining is generally
considered safer than underground mining, it
still poses risks such as equipment accidents,
falling rocks, and exposure to dust and noise.

2.2 Overview of Underground Mining

Underground mining involves excavating tunnels to
access mineral deposits located deep beneath the earth's
surface. This method is commonly used for extracting
minerals such as gold, silver, copper, and diamonds

(Mudd, 2019).

Advantages of Underground Mining:

¢ Reduced Surface Impact: Underground mining
minimizes surface disturbance and
environmental degradation, making it a more
environmentally friendly option in certain
contexts (Hilson, 2020).

e Access to Deeper Deposits: This method allows
for the extraction of minerals that are not
accessible through surface mining, particularly in
areas with high mineral concentrations (Mudd,
2019).

Disadvantages of Underground Mining:

e  Higher Costs: Underground mining typically
incurs higher operational costs due to the need
for specialized equipment, ventilation systems,
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and safety measures. Costs can be 20-50% higher
than surface mining (Hilson, 2020).

e  Safety Hazards: Underground mining poses
significant safety risks, including cave-ins, gas
exposure, and limited access for emergency
response (Mudd, 2019). Historical data indicate
that underground mining has a higher fatality
rate compared to surface mining.

2.3 Cost Comparison of Mining Methods

Cost analysis is a critical factor in determining the most

suitable mining method. Several studies have quantified

the cost differences between surface and underground
mining:

e Operational Costs: Surface mining generally has
lower operational costs due to higher
productivity rates and  reduced labor
requirements. For example, a study by Mudd
(2019) found that surface mining operations can
achieve production costs as low as $10 per ton,
while underground mining costs can exceed $30
per ton.

e  Capital Costs: The initial capital investment for
underground mining is typically higher due to
the need for infrastructure such as shafts,
tunnels, and ventilation systems. Estimates
suggest that capital costs for underground
mining can be 50100% higher than for surface
mining (Hilson, 2020).

e  Longterm Costs: While surface mining may be
cheaper in the short term, longterm costs
associated with environmental remediation and
regulatory compliance can offset these savings.
Companies must consider the total cost of
ownership when evaluating mining methods

(Mudd, 2019).

2.4 Safety Performance Comparison

Safety is a paramount concern in the mining industry,

and the choice of mining method significantly impacts

safety outcomes. Historical data indicate that
underground mining has a higher fatality rate compared
to surface mining:

e Fatality Rates: According to the Mine Safety and
Health  Administration  (MSHA,  2023),
underground mining operations have historically
reported fatality rates of 24.8 per 100,000
workers, compared to 12.5 per 100,000 workers
in surface mining operations.

e Accident Types: Surface mining accidents are
often related to equipment collisions, falling
rocks, and dust exposure, while underground
mining accidents frequently involve cave-ins, gas
exposure, and ventilation failures (Hilson, 2020).

2.5 Regulatory Considerations

Regulatory frameworks governing mining operations

play a crucial role in shaping safety and environmental

practices. Mining companies must comply with a range
of regulations related to worker safety, environmental
protection, and resource management. The complexity
of these regulations can vary significantly between
surface and underground mining operations (ICMM,

2021).

e  Surface Mining Regulations: Surface mining
operations are subject to regulations that address
land reclamation, water quality, and air
emissions. Companies must develop and
implement reclamation plans to restore
disturbed land after mining activities cease
(MSHA, 2023). The surface mining activities

shown in figures 1 and 2.
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Figure 1
Reko Diq Mine of Copper-Gold Deposits,Pakistan
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Figure 2

Gowal Open Pit Chrome Mine,Pakistan
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Underground Mining

Regulations: Underground mining operations
face stricter regulations related to worker safety,
ventilation, and ground control. Companies
must conduct regular safety audits, implement

emergency response plans, and ensure
compliance with ventilation standards to protect
workers from hazardous conditions (ICMM,
2021). Diffrent underground mining operations
are shows in figures 3 and 4.

Figure 3

Khewra Salt Mine Pakistan

Figure 4
Chromite Spankharao Mine Malakand Agency
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3. Methodology

3.1 Research Design

This study employed a systematic literature review
methodology to compare surface and underground
mining methods in terms of cost and safety. The
research approach was designed to provide a
comprehensive  overview of current  practices,
technologies, and case studies.

3.2 Literature Review Process

Search Strategy: Multiple databases and sources were

searched, including:

e Academic databases (Web of Science, Scopus,
Google Scholar)

e Industry publications (Mining Magazine,
International Mining, Engineering & Mining
Journal)

e  Technical reports from mining companies and
regulatory agencies

Selection Process: Initial search yielded 350 sources.

After screening titles and abstracts, 120 sources were

selected for fulltext review. Following detailed

evaluation, 75 sources met inclusion criteria and were

incorporated into the analysis, including:

. Peer-reviewed journal articles: n = 40 (53%)

e Industry reports and white papers: n = 20 (27%)

e Case studies from operational
implementations: n = 15 (20%)

3.3 Case Study Analysis

Operational case studies from mining companies

employing both surface and underground mining

methods were systematically analyzed to understand cost

and safety outcomes.

Case Study Selection: Cases were selected to represent:

e Geographic diversity (Australia, Canada, South
Africa, Chile)

3.4 Limitations

Several limitations should be acknowledged:

1. Data Availability: Detailed operational and
financial data from mining companies are often
proprietary. Published case studies may not
represent complete or unbiased samples.

2.  Rapid Evolution: Mining practices and
technologies are evolving rapidly. Findings may

e  Conference proceedings (CIM, SME Annual

Meetings)
Search Terms: Combinations of keywords included
"surface mining,” "underground mining," "cost

comparison,” "safety analysis," and "mining regulations."

Inclusion Criteria:

e Published between 2015 and 2025

e  Addressed surface and underground mining
methods, cost analysis, or safety performance

e  Provided empirical data, case studies, or
substantive analysis

e Auvailable in English

Exclusion Criteria:

e  DPublications focused solely on  mineral
processing without mining method comparisons

¢ Opinion pieces without empirical grounding

e Duplicate publications

¢ Commodity diversity (gold, copper, iron ore)

e Method diversity (surface vs. underground)

e Implementation maturity (earlystage through
fully operational)

Data Extraction: For each case study, the following

information was extracted:

e Company and operation details

¢ Mining methods employed

e Cost analysis (operational and capital costs)

e  Safety performance metrics (incident rates,
fatality rates)

e Challenges encountered and solutions

e Lessons learned and recommendations

Analysis  Method: Crosscase  analysis  identified

common patterns, success factors, and challenges across

different implementations. Thematic coding was used to

categorize findings and identify key themes.

become outdated as new methods and
technologies emerge.

3. Geographic Focus: Available literature and case
studies are concentrated in developed mining
economies. Findings may not fully represent
conditions in emerging markets.

4. Longterm Impacts: Many mining operations
are relatively recent. Longterm impacts on
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workforce, communities, and sustainability may
not yet be fully evident.

5. Qualitative Nature: The qualitative approach
limits the ability to establish statistical
relationships between mining methods and
outcomes.

Despite these limitations, the comprehensive approach

provides valuable insights into the current state and

future trajectory of mining methods.

4.1 Current State of Surface and Underground
Mining Methods

The key differences between surface and underground
mining methods across major environmental factors. It
highlights how each method varies in cost, productivity,
safety, environmental impact, and regulatory demands.
By listing these contrast side by side, the table 1.1 gives a
quick view of the advantages and limitations of each
mining approach, helping readers understand why
certain methods are chosen for specific geological,

4. Results economic, or safety conditions.
Aspect Surface Mining Underground Mining
Lower operational costs (20-50% . . .
Cost h ) P ( Higher operational costs (20-50% more expensive)
cheaper
. ) . Lower productivity rates due to operational
Productivity Higher productivity rates b v P
constraints
Environmental Sienificant land disturban Reduced surface impact, but potential for subsurface
icant land disturbance o
Impact g contamination
Safety Generally  safer, but risks Higher risks of cave-ins, gas exposure, and ventilation
afe . . .
equipment accidents issues
Regulato . ) . . a4
C gupl. v Requires reclamation plans Stricter regulations on worker safety and ventilation
ompliance

Table 1.1 Comparison of Surface and Underground Mining Methods

Source: Mudd (2019), Hilson (2020).
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4.2 Cost Analysis of Mining Methods
The table 1.2 a costfocused comparison between
surface and underground mining, showing how to the

offs involved, helping clarify why surface mining is
generally more costefficient and productive, while
underground mining carries higher expenses and safety

two methods in differ in operating expenses, capital risks but it is often necessary for deeper ore bodies.
requirements, safety outcomes, and production capacity.
The data illustrates the economic and operational trade-

Metric Surface Mining Underground Mining
Average Operational Cost $10 per ton $30 per ton

Capital Investment $5-10 million $15-20 million
Fatality Rate (per 100,000 workers) 12.5 24.8

Typical Production Rate 1,000 tons/day 300 tons/day

Table 1.2 Cost Analysis of Mining Methods

Source: Mudd (2019), Hilson (2020).

e Surface Mining esm=» Underground Mining
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5. Discussion

5.1 The Importance of Cost and Safety in Mining
Method Selection

The findings of this research underscore the critical
importance of considering both cost and safety when
selecting mining methods. Surface mining generally
offers lower costs and higher productivity, making it an
attractive option for many operations. However, the
environmental impacts and potential safety risks
associated with surface mining must be carefully
managed.

Conversely, while underground mining incurs higher
costs, it may be the preferred option in certain contexts,
particularly where environmental preservation is a
priority or where mineral deposits are located at
significant depths. The choice of mining method should
be guided by a comprehensive assessment of operational
context, including geological conditions, economic
factors, and safety considerations.

5.2 Economic Viability of Mining Methods

The economic viability of mining methods is influenced
by wvarious factors, including commodity prices,
operational efficiency, and regulatory compliance costs.
Companies must conduct thorough cost-benefit analyses
to determine the most suitable mining method for their
specific circumstances.

The case studies presented demonstrate that while
surface mining may be cheaper in the short term, long-
term costs associated with environmental remediation
and regulatory compliance can offset these savings.
Companies must consider the total cost of ownership
when evaluating mining methods (Mudd, 2019).

5.3 Safety Considerations in Mining Operations

Safety is a paramount concern in the mining industry,
and the choice of mining method significantly impacts
safety outcomes. Historical data indicate that
underground mining has a higher fatality rate compared
to surface mining, highlighting the need for robust
safety management practices in both contexts.

Mining companies must prioritize safety by
implementing  comprehensive  safety  programs,
conducting regular training, and fostering a culture of
safety awareness among employees. Additionally,
companies should invest in technologies that enhance
safety, such as proximity detection systems, automated
equipment, and real-time monitoring systems.

5.4 Regulatory Compliance and Its Impact on Mining
Methods

Regulatory compliance plays a crucial role in shaping
mining practices and influencing the choice of mining
methods. Companies must navigate complex regulatory
frameworks that govern worker safety, environmental
protection, and resource management.

Surface mining operations are subject to regulations that
address land reclamation, water quality, and air
emissions. Companies must develop and implement
reclamation plans to restore disturbed land after mining
activities cease (MSHA, 2023). In contrast, underground
mining operations face stricter regulations related to
worker safety, ventilation, and ground control.

5.5 Future Directions for Mining Methods

The future of mining will likely involve continued
advancements in technology, regulatory frameworks,
and sustainability practices. As the industry evolves,
mining companies must remain adaptable and open to
new approaches that enhance safety and minimize
environmental impacts.

Emerging technologies, such as automation, artificial
intelligence, and data analytics, will play a critical role in
shaping the future of mining. These technologies can
improve operational efficiency, enhance safety, and
reduce environmental impacts, ultimately leading to
more sustainable mining practices.

6. Conclusion

This comprehensive analysis of the comparison between
surface and underground mining methods in terms of
cost and safety reveals that both methods have distinct
advantages and disadvantages. Surface mining generally
offers lower operational costs and higher productivity,
while underground mining may provide enhanced
safety in certain contexts.

6.1 Key Findings

1. Cost Comparison: Surface mining is typically
20-50% cheaper than underground mining,
primarily due to lower operational costs and
higher productivity rates.

2. Safety Performance: Underground mining has
a higher fatality rate compared to surface
mining, highlighting the need for robust safety
management practices.
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3. Regulatory Considerations: Regulatory
frameworks governing mining operations play a
crucial role in shaping safety and environmental
practices.

4. Technological Advancements: Emerging
technologies will continue to influence the
choice of mining methods and enhance
operational efficiency and safety.

6.2 Recommendations

For Mining Companies:

1. Conduct Comprehensive Cost-Benefit
Analyses: Evaluate the total cost of ownership
for both surface and underground mining
methods, considering longterm environmental
and regulatory costs.

2. Prioritize  Safety Management: Implement
robust safety programs and invest in
technologies that enhance safety in both surface
and underground operations.

3. Engage with Regulators: Work collaboratively
with regulatory agencies to ensure compliance
with safety and environmental regulations.

4. Adopt Sustainable Practices: Consider the
environmental impacts of mining methods and
adopt sustainable practices that minimize
degradation.

For Regulators and Policymakers:

1. Develop Clear Regulatory
Frameworks: Establish consistent regulations
that support safe and sustainable mining
practices.

2. Promote Research and Innovation: Encourage
research and development initiatives that
advance mining technologies and practices.

3. Facilitate Collaboration: Foster collaboration
between mining companies, regulators, and
communities to  address  safety and
environmental challenges.

Conflict of Interest Statement

The authors declare that there are no conflicts of
interest influencing this research. The study was
conducted objectively, without any association or
financial involvement with mining companies,
contractors, or safety equipment suppliers.

Data Access Statement

The data utilized in this research were obtained from
publicly available mining cost records, safety reports,
and verified academic sources. Additional information
and compiled datasets can be made available by the
corresponding author upon reasonable request.

Ethics Statement

This study did not involve human or animal subjects.
Ethical considerations were observed in the collection,
analysis, and reporting of data, ensuring fairness,
accuracy, and transparency in comparing mining
methods.

Funding Statement

This research was carried out without any external
funding. The analysis was conducted independently as
part of an academic investigation into cost and safety
variations in mining operations.

REFERENCES
Hilson, G. (2016). The environmental impact of
small-scale gold mining in  West

Africa. Environmental Research  Letters, 11(12),
124004. https://doi.org/10.1088,/1748-
9326/11/12/124004

International Council on Mining and Metals
(ICMM). (2021). Mining and the Sustainable
Development Goals: A Guide for the Mining Industry.
ICMM.

Mudd, G. M. (2019). The sustainability of mining in
Australia: Key production trends and their
environmental implications for the
future. Resources Policy, 62, 101-
113. https://doi.org/10.1016/j.resourpol.2019.1
01113

Mine Safety and Health Administration (MSHA).
(2023). Mine safety and health statistics. U.S.
Department of Labor.

Newmont. (2022). Sustainability report 2022. Newmont
Corporation.

Rio Tinto. (2024). Sustainable mining practices report.
Rio Tinto Group.

World Bank. (2018). Mining and the environment: A case
study of the mining sector in Mongolia. World Bank
Publications.

https://thesesjournal.com

| Sohail, 2025 |

Page 1657


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
https://doi.org/10.1088/1748-9326/11/12/124004
https://doi.org/10.1088/1748-9326/11/12/124004
https://doi.org/10.1016/j.resourpol.2019.101113
https://doi.org/10.1016/j.resourpol.2019.101113

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 3, Issue 9, 2025

Hamrin, H., Hustrulid, W., & Bullock, R. (2001).
Underground  mining  methods  and
applications. Underground ~ mining  methods:
Engineering fundamentals and international case
studies, 3-14.

Gogolewska, A. (2011). Surface and underground
mining  technology. Mining  and  Power
Engineering, Worclaw University of Technology.

Ural, S., & Demirkol, S. (2008). Evaluation of
occupational safety and health in surface
mines. Safety Science, 46(6), 1016-1024.

Skrzypkowski, K., Gomez, R., Zagorski, K,
Zagorska, A., & GomezEspina, R. (2022).
Review of underground mining methods in
world-class base metal deposits: experiences

from Poland and Chile. Energies, 16(1), 148.

Wang, Q., Cheng, T., Lu, Y., Liu, H., Zhang, R., &
Huang, J. (2024). Underground mine safety and
health: A hybrid MEREC-CoCoSo system for

the selection of best sensor. Sensors, 24(4), 1285.

https://thesesjournal.com | Sohail, 2025 |

Page 1658


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

