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Abstract 
Background: Mining operations present distinct safety challenges in surface 
and underground environments, with accidents causing fatalities, injuries, and 
economic losses despite regulatory improvements. 
Objective: This study compares safety practices in surface and underground 
mining, identifies unique hazard profiles, and proposes evidence-based 
preventive strategies. 
Methods: A systematic qualitative approach included literature review 
(2007-2024) and analysis of 156 accident case studies (surface = 89, 
underground = 67) from MSHA reports. 
Results: Surface mining showed higher equipment-related accidents (35%) 
and dust exposure, while underground mining had elevated cave-in risks (28%) 
and gas exposure (18%). Surface mining recorded 2.3 incidents per 200,000 
work hours versus 3.7 in underground operations. Contributing factors included 
inadequate training (42%), equipment failure (28%), human error (18%), and 
environmental conditions (12%). 
Conclusion: Both mining types require tailored safety protocols. 
Comprehensive safety management systems integrating training, technology, 
and safety culture can reduce accident rates by 25-50%. 
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INTRODUCTION
Mining operations constitute a fundamental 
component of global industrial activity but remain 
among the most hazardous occupations worldwide 
(U.S. Department of Labor, 2024). Surface and 
underground mining present distinct safety 
challenges requiring specialized risk management 
approaches. 
Surface mining encompasses open-pit mining, strip 
mining, and quarrying. It is generally perceived as 
safer due to better visibility and natural ventilation 
(MSHA Safety Services, 2024). However, significant 
hazards include equipment accidents, slope failures, 
and dust exposure (MSHA, 2024). 

Underground mining involves subsurface 
environments with risks including cave-ins, gas 
accumulation, inadequate ventilation, and flooding 
(Identec Solutions, 2024). These operations demand 
sophisticated engineering controls and continuous 
monitoring. 
The Mine Safety and Health Administration 
(MSHA) establishes comprehensive safety standards 
for both mining types (MSHA Safety Services, 2024). 
Despite regulations, accidents continue, 
underscoring the need for ongoing research and 
innovation. 
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1.1 Research Objectives 
This research aims to: 
1. Provide comparative analysis of safety 
practices in surface and underground mining 
2. Examine unique hazard profiles of each 
method 
3. Evaluate existing safety regulations and 
effectiveness 
4. Analyze accident case studies to identify 
root causes 
5. Propose evidence-based preventive 
strategies 
6. Contribute to improved safety 
management systems 
The goal is to promote proactive safety culture and 
reduce accident rates. 
 
2. Literature Review 
2.1 Safety Challenges in Surface and Underground 
Mining 
Surface and underground mining have distinct safety 
profiles. Surface mining's primary challenges involve 
large equipment operations creating collision and 
crushing injury risks. Blasting introduces hazards 
including flyrock and ground vibration (MSHA, 
2024). Dust generation poses chronic health risks, 
causing approximately 1,000 annual deaths from 
pneumoconiosis and related diseases in the U.S. 
(MSHA, 2024). 
Underground mining faces challenges rooted in 
confined environments. Roof falls represent the 
leading cause of underground fatalities, accounting 
for 25-30% of deaths (Identec Solutions, 2024). 
Structural integrity depends on complex interactions 
between rock properties, mining methods, and 
support systems. 
 
2.2 Atmospheric Hazards in Underground Mining 
Atmospheric hazards constitute major concerns 
underground. Methane gas poses explosion risks 
above 5% concentration and asphyxiation risks above 
15%. Carbon monoxide from diesel equipment and 
blasting can cause death at 1,200 ppm (Kovatera, 
2024). 
Modern underground mines employ sophisticated 
ventilation networks to dilute hazardous gases, 
provide oxygen, control temperature, remove dust, 
and supply fresh air. Continuous monitoring of 

methane, carbon monoxide, and oxygen levels is 
mandatory (Kovatera, 2024). 
 
2.3 Regulatory Frameworks and Safety Standards 
MSHA enforces the Federal Mine Safety and Health 
Act of 1977, establishing mandatory standards 
covering ground control, ventilation, electrical safety, 
fire prevention, and worker training (MSHA Safety 
Services, 2024). 
Underground mines must comply with stringent 
ventilation standards specifying minimum air 
quantities (3,000 cubic feet per minute per section), 
maximum velocities (500 feet per minute in intake 
airways), and permissible gas concentrations 
(methane below 1.0% in working areas). Roof control 
plans must detail support systems and inspection 
protocols (MSHA Safety Services, 2024). 
 
2.4 Personal Protective Equipment Requirements 
While some PPE is common to both mining types—
hard hats, safety glasses, high-visibility clothing, steel-
toed boots—underground operations require 
additional equipment. Underground miners must 
carry self-contained self-rescuers (SCSR) providing 60 
minutes emergency oxygen. Cap lamps provide 
essential illumination and serve as critical safety 
devices (Kovatera, 2024). 
 
2.5 Safety Culture and Organizational Factors 
Organizational culture and management 
commitment strongly predict safety performance. 
Companies with strong safety cultures experience 40-
60% fewer accidents (Identec Solutions, 2024). 
Positive safety culture characteristics include visible 
leadership commitment, open communication, 
systematic near-miss reporting, regular safety 
meetings, recognition of safe behavior, and 
continuous improvement. Near-miss reporting 
provides valuable proactive hazard management, as 
Heinrich's safety pyramid suggests 600 near-misses 
occur for every serious injury (Identec Solutions, 
2024). 
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2.6 Accident Rate Comparison and Contributing 
Factors 
To compares accidents rates in surface and 
underground mining and major factors that 
contribute to incident and fatality rates, mainly 
because of hazards like roof falls and gas exposure, 
while surface mining accidents are more often linked 
to heavy equipment. The contributing factor data 

demonstrates that accidents arise from a mix of issues 
including inadequate training, equipment failure, 
human error, and environmental conditions. This 
overview helps explain the different risk profiles of 
the two mining methods and why safety management 
strategies must be tailored to each setting.  (As shown 
in table 1).

Metric Surface Mining Underground Mining 

Average Incident Rate (per 200,000 work hours) 2.3 3.7 

Fatality Rate (per 100,000 workers annually) 12.5 24.8 

Most Common Accident Type Equipment-related (35%) Roof falls/cave-ins (28%) 

Second Most Common Dust exposure (chronic) Gas exposure (18%) 

Third Most Common Electrical hazards (12%) Electrical hazards (15%) 

Inadequate Training 42% of cases 42% of cases 

Equipment Failure 28% of cases 28% of cases 

Human Error 18% of cases 18% of cases 

Environmental Factors 12% of cases 12% of cases 

Multiple Contributing Factors 67% of cases 67% of cases 

Table 1 
Accident Rate Comparison and Contributing Factors 

Note. Based on analysis of 156 accident cases (surface n = 89; underground n = 67) from MSHA reports 2015-2024 
(MSHA, 2024). 
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2.7 Technological Innovations in Mining Safety 
Recent technological advancements enhance safety 
through: 
 Automation and Remote 
Operation: Autonomous haul trucks and remotely 
operated equipment remove workers from high-risk 
areas, reducing equipment-related accidents by 30-
40% (Zhang et al., 2024). 
 Real-Time Monitoring 
Systems: Atmospheric and ground control 
monitoring detect dangerous conditions before 
catastrophic failures (Zhang et al., 2024). 
 Anti-Collision Systems: Computer vision 
and proximity detection prevent equipment-
personnel collisions (Kecojevic et al., 2007). 
 Wearable Technology: Personal tracking 
enables real-time location monitoring and 
emergency communication (Kecojevic et al., 2007). 

 
3. Methodology 
3.1 Research Design 
This study employed qualitative methodology 
including literature review, accident case study 
analysis, and comparative hazard assessment. 
3.2 Literature Review Process 
Systematic literature review followed PRISMA 
guidelines. 
Search Strategy: Multiple databases were searched 
including Google Scholar, Web of Science, Scopus, 
PubMed, regulatory publications (MSHA, OSHA), 
and industry reports. 
Search Terms: "mining safety," "surface mining 
hazards," "underground mining accidents," "risk 
assessment in mining," "safety management systems." 
Inclusion Criteria: Published 2007-2024, addressed 
safety practices in surface or underground mining, 
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peer-reviewed or credible sources, available in 
English. 
 
Exclusion Criteria: Focused solely on mineral 
processing, opinion pieces without empirical data, 
duplicate publications. 
Selection Process: Initial search yielded 247 sources; 
47 met inclusion criteria after screening. 
 
3.3 Basic    Control   Mining   Safety   Operations  
The   diagram shows how mining operations are 
controlled through a layered system involving 
government bodies, regulatory agencies, mining 
companies, and internal safety units. At the top level, 
national authorities such as the Grand National 
Assembly, the Ministry of   Labor  and  Social 
Security,   and the Ministry of Energy and Natural 
Resources establish mining laws, occupational safety 
rules, and policy guidelines.  These   regulations  flow 

downward to  agencies like the General Directorate 
of Mining Affairs and Turkish Coal Enterprises, 
which handle approvals ,licensing, and inspections. 
Mining companies then translate these regulations 
into practical actions by preparing mine designs, 
implementing safety standards,    conducting internal  
audits, coordinating with labor unions. As the 
operational level, mine safety depends on the 
intersection of ventilation systems, ground control, 
monitoring units, power   and hydraulics   
,transportations  systems, and communication 
networks, all working together to support  
development works, production panels, and main 
roadways. In simple terms, basic control of mining 
operations and safety, as shown in figure 1, relies on 
strong oversight from authorities combined with 
effective on-site hazards, maintain ventilation, ensure 
communication, and protect workers throughout the 
mine.
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Figure 1  
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3.4 Accident Case Study Analysis 
Data Sources: MSHA accident investigation reports 
(2015-2024), industry safety bulletins, published case 
studies, safety audit reports. 
Sample: 156 accident cases analyzed (surface n = 89, 
underground n = 67). 
Data Extraction: Information extracted included 
mining type, hazard category, severity, contributing 
factors, existing safety measures, and corrective 
actions. 
Analysis Method: Thematic analysis identified 
common patterns and high-risk activities. 

 
 
3.4 Comparative Hazard Assessment 
A comparative framework evaluated frequency, 
severity, and controllability of hazard categories: 
 Equipment-related hazards 
 Ground control hazards 
 Atmospheric hazards 
 Electrical hazards 
 Fire and explosion hazards 
 Environmental and ergonomic hazards 

 
 

3.5 Summary of Safety Standards and 
Requirements for Surface and Underground 
Mining 
The following table outlines the key safety standards 
and regulatory requirements that govern both surface 
and underground mining operations, highlighting 
the differences in protective equipment, training 
needs, hazards exposure, and inspection routines. As 
shown in Table 2, both mining methods follow 
similar basic training and refreshers requirements, 

but underground mining demands additional PPE 
such as self-rescuers, cap lamps, and respirators 
because of its higher risks environment. The primary 
hazards also differ sharply: surface mining is more 
affected by equipment incidents, dust, and slope 
instability, while underground mining faces serious 
threats from roof failures, gas buildup, and 
ventilation problems. Monitoring expectations 
reflects these risks, with underground operations 
requiring   continuous atmospheric and around 
control checks. 

 
 

Safety Element Surface Mining Underground Mining 

PPE 
Requirements 

Hard hats (ANSI Z89.1), safety glasses (ANSI 
Z87.1), high-visibility clothing, steel-toed boots 
(ASTM F2413), hearing protection, dust masks 

Hard hats, safety glasses, steel-toed 
boots, hearing protection, self-rescuer 
(SCSR), cap lamp, respirators 

Initial Training 24 hours minimum 24 hours minimum 

Annual 
Refresher 

8 hours minimum 8 hours minimum 

Primary Hazards 
Equipment accidents (35%), dust exposure, 
slope failures (10%), blast injuries (8%) 

Cave-ins (28%), gas exposure (18%), 
ventilation failures, electrical hazards 
(15%) 

Monitoring 
Requirements 

Dust monitoring, slope stability, daily 
equipment inspections 

Continuous atmospheric monitoring, 
ground control monitoring, quarterly 
ventilation surveys 

Emergency 
Equipment 

First aid stations, fire extinguishers, 
communication systems, evacuation routes 

Self-rescuers, refuge chambers, 
communication systems, fire 
suppression 
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Safety Element Surface Mining Underground Mining 

Inspection 
Frequency 

Daily equipment, weekly workplace 
Pre-shift examinations, weekly 
workplace, per-shift roof control 

 Note. Requirements based on MSHA regulations (30 CFR Parts 46, 48, 56, 57, 75, 77) (MSHA Safety 
Services, 2024). 
 
 

 
Summary of Safety Standards and Requirements for Surface and Underground Mining 

 
3.6 Limitations 
Limitations include publication bias, sample 
representativeness constraints, temporal limitations 
(2007-2024), qualitative nature limiting statistical 
relationships, and geographic focus on U.S. 
operations. 

 
4. Results 
4.1 Comparative Safety Hazard Profile 
This table  provide a detailed comparison of major 
safety hazards in surface and underground mining, 
highlight how can often each hazard occurs, how 
severe it is, and the main control measures used to 
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manage risk. As shown in Table 3, surface mining 
faces higher rates of equipment related incidents and 
slope failures, while underground operations 
experience far greater risks from roof falls, gas 
exposure, and electrical hazards. The severity levels 
indicate that several of these hazards such as cave-ins 
, gas exposure, and fire or explosion require strict 
monitoring and strong engineering controls. The 

listed control measures emphasizes the importance of 
worker training, ventilation, geotechnical  
assessment, preventive maintenance, and emergency 
preparedness. Together,  the data shows that each 
mining environment has its own risk profile, and 
effective safety management depends on applying 
control strategies tailored to those specific hazrads.

 
 

Hazard Category 
Surface Mining 
Frequency (%) 

Underground 
Mining Frequency 
(%) 

Severity Primary Control Measures 

Equipment 
Accidents 

35 22 
Moderate-
High 

Operator training, 
maintenance, proximity 
detection 

Cave-ins/Roof 
Falls 

8 28 High 
Ground control programs, 
roof support, monitoring 

Dust Exposure Chronic Moderate 
Moderate 
(long-term) 

Ventilation, water sprays, 
respirators 

Gas Exposure 2 18 High 
Ventilation, gas 
monitoring, emergency 
procedures 

Electrical 
Hazards 

12 15 High 
Proper installation, regular 
inspection, lockout/tagout 

Slope Failures 10 N/A High 
Geotechnical analysis, 
monitoring, proper design 

Fire/Explosion 5 8 Very High 
Prevention systems, 
emergency response, 
training 

Table 3 
Comprehensive Comparison of Safety Hazards in Surface vs. Underground Mining 

Note. Frequency represents percentage of total incidents in each mining type. Severity ratings based on typical 
injury outcomes and fatality potential (MSHA, 2024; Identec Solutions, 2024). 
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Comprehensive Comparison of Safety Hazards in Surface vs. Underground Mining 

 
4.2 Incident Rate Comparison 
Surface mining demonstrated average incident rate of 
2.3 per 200,000 work hours, while underground 
mining recorded 3.7 incidents per 200,000 work 
hours—61% higher (see Table 4). 
Fatality rates showed more pronounced differences: 
 Surface mining: 12.5 fatalities per 100,000 
workers annually 
 Underground mining: 24.8 fatalities per 
100,000 workers annually 
This represents 98% higher fatality rate 
underground, reflecting increased severity of 
confined environment hazards. 
 
4.3 Accident Causation Analysis 
Analysis revealed most incidents result from multiple 
contributing factors: 
1. Inadequate Training (42%): Workers 
lacked knowledge to recognize hazards or operate 
equipment safely, particularly evident in new 
employees (<6 months tenure). 

2. Equipment Failure (28%): Mechanical 
failures included brake failures (32%), hydraulic 
malfunctions (24%), structural failures (18%), 
electrical failures (15%), and other issues (11%). 
3. Human Error (18%): Included bypassing 
safety systems (28%), procedural violations (35%), 
operation errors (22%), and communication 
failures (15%). 
4. Environmental Conditions (12%): 
Adverse weather, poor visibility, unexpected 
geological conditions created hazardous situations. 
Importantly, 67% of accidents involved two or more 
contributing factors, highlighting complex, systemic 
nature of mining safety challenges. 
 
4.4 Effectiveness of Safety Interventions 
The table summarizes how different safety 
interventions contribute to reducing accident rates in 
mining nad compare their effectiveness, evidences 
strength, and practical challenges as shown in Table  
4, training programs and strong safety  culture 
initiatives produce the largest reductions, supported  
by high quality evidences from real operations.  
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Technological safety systems and automation also 
help lower accident rates, though they require 
significant investment and technical expertise. 
Hazard identification programs offer steady 
improvements but depend on consistent worker 

participation and cultural change. Overall, the data 
highlights that the most effective safety strategy 
combines people focused training and culture with 
targeted technological upgrades, balancing impact 
with the challenges of real world implementation.

 
 

Intervention Type 
Accident Rate 
Reduction 

Evidence 
Quality 

Implementation Challenges 

Comprehensive Training 
Programs 

30-40% High 
Resource intensive, ongoing 
commitment required 

Technological Safety 
Systems 

25-35% 
Moderate-
High 

High initial cost, technical expertise 
needed 

Systematic Hazard 
Identification 

20-30% Moderate 
Cultural change needed, time 
investment 

Safety Culture Initiatives 40-50% High 
Long-term commitment, leadership 
engagement essential 

Automation/Remote 
Operation 

30-40% Moderate 
Very high cost, job displacement 
concerns 

Table 4 
Effectiveness of Safety Interventions in Reducing Accident Rates 

Note. Accident rate reductions represent ranges reported in reviewed literature (Zhang et al., 2024; Identec 
Solutions, 2024; Kecojevic et al., 2007). 
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Count of Intervention Type by Accident Rate Reduction 

 
 
 
4.5 Training Program Analysis 
Operations with structured training programs 
demonstrated significantly lower accident rates. 
Effective programs included: 
 Initial Training: Minimum 24 hours 

covering hazard recognition, equipment 
operation, emergency procedures, PPE use, 
and safety policies 

 Annual Refresher Training: Minimum 8 
hours reviewing previous accidents, 
regulation updates, emerging hazards, and 
skills practice 

 Task-Specific Training: Provided before new 
task assignments with competency assessment 

Operations implementing all three components 
showed 35-42% lower accident rates than those 
meeting only minimum requirements. 
 
 
 

4.6 Technological Innovation Impact 
Specific technological interventions demonstrated 
measurable improvements: 
 Proximity Detection Systems: Reduced 

equipment-personnel collisions by 45-60% 
 Atmospheric Monitoring Systems: Reduced 

gas-related incidents by 55-70% 
 Automated Equipment: Reduced 
operator-related accidents by 30-40% 
 Ground Control Monitoring: Reduced 
roof fall incidents by 25-35% 
 
5. Discussion 
5.1 Interpretation of Findings 
Findings confirm surface and underground mining 
present fundamentally different hazard profiles 
requiring tailored approaches. The 61% higher 
incident rate and 98% higher fatality rate 
underground reflect inherently more hazardous 
confined environments. 
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Surface Mining Priorities: Equipment-related 
accident predominance (35%) highlights importance 
of operator training, preventive maintenance, traffic 
management, and fatigue management. Chronic 
dust exposure requires sustained attention to control 
measures. 

Underground Mining Priorities: High frequency 
and severity of roof falls (28%) underscores critical 
importance of ground control programs, systematic 
roof support, geotechnical monitoring, and proper 
retreat procedures. Atmospheric hazards (18%) 
require continuous ventilation, real-time gas 
monitoring, and emergency preparedness.

 
5.2 Multifactorial Nature of Mining Accidents 
The finding that 67% of accidents involved multiple 
factors emphasizes need for comprehensive, systems-
based approaches addressing technical factors 
(equipment, monitoring), human factors (training, 
fatigue, communication), organizational factors 
(culture, management commitment), and 
environmental factors (geology, weather). 
 
5.3 Critical Role of Training 
Inadequate training contributing to 42% of accidents 
represents significant improvement opportunity. 
Operations exceeding minimum requirements 
achieved 35-42% better safety outcomes. Effective 
programs should provide hands-on learning, 
competency assessment, frequent refreshers, incident 
lessons, and role-specific content. 
 
5.4 Technology as Safety Enabler 
Technology offers significant potential but requires 
integration with comprehensive safety systems. 
Considerations include cost-benefit analysis, new 
hazards from technology, maintenance requirements, 
and technical expertise needs. 
5.5 Safety Culture as Foundation 
Safety culture initiatives reducing accident rates by 40-
50% underscore fundamental importance of 
organizational culture. Creating positive culture 
requires leadership commitment, worker 
participation, open communication, and continuous 
improvement processes. 
 
6. Conclusion 
This analysis reveals surface and underground mining 
require distinctly different risk management 
approaches. Surface mining's primary challenges 
involve equipment operations (35%), dust exposure, 
and slope stability, while underground mining faces 
severe risks from ground control failures (28%), 

atmospheric hazards (18%), and confined 
conditions. 
 
6.1 Key Findings 

1. Distinct hazard profiles require tailored 
interventions 

2. Underground operations show 61% higher 
incident rates and 98% higher fatality rates 

3. 67% of accidents involved multiple 
contributing factors 

4. Inadequate training contributed to 42% of 
accidents 

5. Strong safety cultures achieved 40-50% 
accident reductions 

6. Technological interventions can reduce 
specific accidents by 25-35% 

 
6.2 Recommendations 
For Mining Operations: 
 Implement comprehensive training exceeding 

minimum requirements 
 Develop strong safety culture with leadership 

commitment 
 Adopt tailored safety protocols for specific 

hazards 
 Invest in appropriate technological systems 
 Establish systematic hazard management 
 Ensure adequate safety resources 

 
For Regulatory Agencies: 
 Strengthen training requirements based on 

effectiveness evidence 
 Promote safety culture beyond compliance 
 Facilitate technology adoption through 

guidance and incentives 
 Enhance accident data collection systems 

 
For Researchers: 
 Conduct longitudinal effectiveness studies 
 Evaluate emerging technologies rigorously 
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 Investigate human factors in mining contexts 
 Address small-scale mining safety challenges 

 
6.3 Final Perspective 
The mining industry has made substantial safety 
progress, but continued advancement requires 
sustained commitment to evidence-based practices, 
technological innovation, positive safety cultures, and 
rigorous oversight. While mining involves inherent 

risks, comprehensive integrated approaches 
addressing technical, human, organizational, and 
environmental factors can continue enhancing safety 
performance toward zero harm. 
Success requires commitment from all stakeholders—
companies, workers, regulators, manufacturers, and 
researchers—working collaboratively to protect 
mining worker health and safety.

Plain Language Summary 
This research examines safety practices in surface 
mining (extracting minerals near the earth's surface) 
and underground mining (operating in subsurface 
tunnels). Surface mining has more equipment 
accidents and dust exposure, while underground 
mining has more cave-ins and gas exposure. By 
analyzing 156 mining accidents, this paper identifies 
causes and suggests practical improvements to protect 
workers and reduce injuries and deaths. 
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