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Environmental Mining activities have historically contributed to significant environmental

conservation degradation globally, including land degradation, water contamination, and

Waste " biodiversity loss. This article explores sustainable mining engineering practices

management, that mitigate environmental impacts while supporting resource extraction needs.

Land Emphasizing the integration of environmental conservation within mining

reclamation, operations, this study reviews contemporary techniques such as eco-friendly

Pakistan extraction methods, waste management, land reclamation, and regulatory

mining frameworks implemented globally and in Pakistan. Data-driven analysis evaluates

industry. the efficiency of sustainable mining practices in reducing carbon footprints and
water pollution, proposing policy recommendations to enhance environmental
stewardship in the Pakistani mining sector.

INTRODUCTION

Mining plays a critical role in economic development, supplying essential minerals and materials
for industrial growth. However, unsustainable mining practices lead to environmental
deterioration, including soil erosion, groundwater contamination, and ecosystem disruption. In
Pakistan, mining is pivotal for sectors like cement, coal, and metals, but faces challenges related
to environmental compliance and sustainability. This paper investigates sustainable mining
engineering practices designed to minimize ecological harm, emphasizing innovative
technologies, regulatory adherence, and community engagement. The goal is to provide a
comprehensive overview of best practices for sustainable mining applicable to Pakistan’s
context, aligning economic interests with ecological responsibility.
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1. Overview of Environmental Challenges in Mining

Mining activities, while essential for economic development, pose significant environmental
challenges that can affect ecosystems, human health, and local communities. The primary
environmental impacts of mining are often categorized into soil, water, and air pollution.

Types of Environmental Impacts from Mining

e Soil Pollution and Land Degradation: Mining disturbs large land areas, leading to soil
erosion, loss of fertile topsoil, and alteration of natural landscapes. Open-pit mining and
surface mining expose soil layers to atmospheric conditions, increasing vulnerability to
erosion and sedimentation. Additionally, the deposition of toxic mining waste and heavy
metals contaminates the soil, reducing its productivity and harming vegetation.

e Water Pollution: Mining operations often generate contaminated wastewater laden with
heavy metals (e.g., arsenic, lead, mercury), acid mine drainage, and suspended solids that
pollute nearby rivers, lakes, and groundwater. These contaminants pose severe risks to
aquatic life and potable water supplies for local populations. Acid mine drainage, resulting
from the oxidation of sulfide minerals, can lower water pH drastically, increasing toxicity.

e Air Pollution: Mining releases particulate matter (dust), noxious gases (e.g., sulfur dioxide,
nitrogen oxides), and greenhouse gases into the atmosphere. Dust from blasting, drilling, and
transportation degrades air quality, affecting respiratory health in nearby communities.
Moreover, emissions from diesel-powered machinery contribute to air pollution and climate
change.

Case Studies of Mining-Related Environmental Issues in Pakistan

e Thar Coal Mining: The open-pit coal mining in the Thar desert has caused substantial land
disturbance and dust pollution. The region’s fragile ecosystem faces threats from water
overuse and contamination of groundwater resources due to poor waste management
practices (Chaudhry & Malik, 2021; Jamil & Saeed, 2019).

e Saindak Copper-Gold Mine: Located in Balochistan, this mine has been reported to cause
heavy metal contamination in local water bodies, affecting agricultural lands and health of

nearby communities. Inadequate tailings disposal has resulted in soil and water pollution
(Ahmed & Khan, 2019).

e Salt Range Mining: Intensive salt mining activities in Punjab have led to groundwater
depletion and increased salinity, impacting local agriculture and biodiversity. Additionally,
improper waste disposal has exacerbated soil degradation (Nawaz & Farid, 2021).

Global Context of Mining Environmental Degradation

Worldwide, mining is recognized as a significant contributor to environmental degradation.
According to the International Council on Mining and Metals (ICMM), mining accounts for
approximately 4-7% of global greenhouse gas emissions. Regions such as the Amazon rainforest,
parts of Africa, and Australia have experienced deforestation, biodiversity loss, and pollution due
to mining operations (Bibi & Hussain, 2020).
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Sustainable mining practices have been adopted internationally to mitigate these impacts,
including stricter environmental regulations, technological innovations in waste management,
and rehabilitation of mining sites. However, challenges remain, especially in developing
countries where enforcement is weak, and environmental concerns are often secondary to
economic interests (Latif & Noor, 2018).

2. Sustainable Mining Engineering Techniques

Sustainable mining engineering aims to balance resource extraction with environmental
protection by adopting innovative technologies and processes that reduce ecological footprints.
The following subsections highlight key sustainable techniques transforming mining operations
worldwide and with growing relevance in Pakistan.

Eco-Friendly Extraction Technologies

e In-Situ Mining: This technique involves extracting minerals directly from underground
deposits without extensive surface disturbance. By injecting solutions that dissolve the target
mineral underground, in-situ mining significantly reduces land degradation and waste
production. It is commonly applied in uranium and copper mining and offers reduced
environmental impact compared to traditional open-pit or underground mining (Malik &
Qureshi, 2022).

¢ Hydraulic Mining: Although historically associated with environmental damage, modern
hydraulic mining uses controlled water jets to extract minerals with minimal land disruption.
Advanced methods ensure sediment containment and efficient water recycling, making it a
more environmentally viable option (Danish & Raza, 2018).

e Selective Mining and Precision Techniques: Use of remote sensing, drones, and automated
machinery allows selective extraction, minimizing waste and preserving surrounding
ecosystems. These methods optimize resource recovery while reducing unnecessary
excavation and disturbance (Igbal & Zafar, 2021).

Use of Renewable Energy in Mining Operations

Mining operations are energy-intensive, traditionally relying on fossil fuels. Incorporating
renewable energy sources such as solar, wind, and bioenergy can reduce carbon emissions and
operational costs.

e Solar Power: Deployment of solar photovoltaic systems in remote mining areas reduces
dependence on diesel generators. For example, pilot solar projects in Pakistan’s Thar coal
mining region are proving beneficial for powering auxiliary operations (Igbal & Zafar, 2021).

e Wind Energy: Wind turbines installed near mining sites can supplement power needs,
especially in windy regions such as Balochistan. Hybrid renewable energy systems
combining solar and wind provide consistent energy supply (Usmani & Farooq, 2022).

e Energy-Efficient Machinery: Adoption of electric and hybrid vehicles and machinery
reduces fuel consumption and emissions. These technologies are increasingly viable with
improved battery technology and government incentives (Tariq & Ahmad, 2017).
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Advanced Water Treatment and Management Systems

Water use and contamination are critical environmental concerns in mining. Sustainable practices
include:

e Closed-Loop Water Systems: Recycling and reusing process water reduces freshwater
withdrawal and minimizes discharge. Closed-loop systems are effective in arid regions facing
water scarcity, like much of Pakistan’s mining zones (Farooq & Javed, 2022).

e Advanced Treatment Technologies: Techniques such as membrane filtration, constructed
wetlands, and chemical precipitation effectively remove heavy metals and toxins from mining
effluents before discharge, protecting water bodies (Farooq & Javed, 2022).

e Acid Mine Drainage (AMD) Mitigation: Passive and active treatment methods, including
limestone drains and bioreactors, neutralize acidic waters and precipitate harmful metals,
reducing long-term environmental risks (Chaudhry & Malik, 2021).

3. Waste Management and Tailings Disposal

Mining generates substantial waste materials, including tailings, overburden, and processing
residues, which pose significant environmental hazards if not managed properly. Effective waste
management and tailings disposal are critical components of sustainable mining engineering
aimed at minimizing soil, water, and air pollution.

Techniques for Tailings Stabilization and Reuse

e Tailings Thickening and Dewatering: By reducing water content in tailings, thickening
processes decrease the volume and improve stability of tailings deposits. This approach
lowers risks of tailings dam failure and seepage (Kamal & Aslam, 2020).

e Dry Stacking of Tailings: Dry stacking involves dewatering tailings to create a stackable,
solid waste form that eliminates the need for large tailings ponds. It reduces water usage,
prevents dam breaches, and facilitates easier reclamation (Waseem & Bashir, 2021).

e Tailings Reuse and Recycling: Tailings can be repurposed as construction materials (e.g.,
bricks, cement additives) or for land reclamation fill. Reusing tailings decreases waste
volume and conserves natural resources (Waseem & Bashir, 2021).

Strategies for Reducing Mining Waste Volume and Toxicity

e Selective Mining and Ore Sorting: Employing advanced sensor-based ore sorting reduces
the amount of waste rock processed, minimizing overall waste generation (Malik & Qureshi,
2022).

e Chemical Stabilization: Adding binding agents or neutralizers to tailings reduces heavy
metal mobility and toxicity, mitigating environmental risks (Kamali & Aslam, 2020).
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¢ Bioremediation: Utilizing microbes and plants to detoxify and stabilize mining wastes offers
an eco-friendly remediation strategy that enhances long-term site recovery (Haider & Shah,
2017).

Case Examples from Pakistani Mining Sites

e Thar Coalfield Tailings Management: Thar coal mining projects have adopted tailings
thickening and constructed sedimentation ponds to reduce water contamination and stabilize
waste (Chaudhry & Malik, 2021).

e Saindak Copper-Gold Mine: Efforts are underway to implement dry stacking of tailings and
reuse mine waste for local construction, aiming to reduce environmental impact and foster
sustainable development (Gul & Tariq, 2020).

e Salt Range Mining: Some salt extraction operations have started integrating selective
mining to minimize waste salt rock, improving operational efficiency and reducing
environmental burden (Nawaz & Farid, 2021).

4. Land Reclamation and Biodiversity Conservation

Restoring mined land to a stable and productive state is a cornerstone of sustainable mining
practices. Land reclamation coupled with biodiversity conservation ensures that ecosystems
recover, providing long-term environmental and social benefits.

Approaches to Mine Site Rehabilitation

e Progressive Rehabilitation: Implementing reclamation activities concurrently with mining
operations reduces the overall disturbed area at any time. This includes reshaping landforms,
replacing topsoil, and initiating revegetation as mining advances (Danish & Raza, 2018).

e Soil Amendment and Stabilization: Adding organic matter, fertilizers, or lime improves
soil structure, fertility, and pH balance, fostering vegetation growth on disturbed sites (Latif
& Noor, 2018).

e Use of Native Species: Planting indigenous flora helps reestablish natural habitats and
supports local wildlife, increasing reclamation success (Qamar & Iftikhar, 2019).

Reforestation and Soil Restoration Methods

o Afforestation and Reforestation: Large-scale planting of trees on mine spoils mitigates
erosion, enhances carbon sequestration, and restores habitat connectivity. In Pakistan, pilot
projects in Balochistan and Khyber Pakhtunkhwa have utilized fast-growing native species to
accelerate recovery (Rafiq & Usman, 2020).

¢ Soil Conservation Techniques: Methods such as contour plowing, terracing, and mulching
help reduce erosion, conserve moisture, and improve soil health on reclaimed lands (Danish
& Raza, 2018).
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¢ Bioengineering: Use of live plants combined with engineering structures stabilizes slopes
and controls sediment runoff effectively (Haider & Shah, 2017).

Monitoring and Maintaining Biodiversity Post-Mining

e Biodiversity Baseline Studies: Prior to mining, comprehensive surveys identify species
composition and ecosystem functions, guiding reclamation goals (Shah & Bilal, 2018).

e Post-Reclamation Ecological Monitoring: Regular assessment of flora and fauna diversity,
soil quality, and water parameters ensures that reclamation targets are met and allows for
adaptive management (Rafiq & Usman, 2020).

e Community Engagement: Involving local communities in biodiversity monitoring fosters
stewardship and integrates traditional ecological knowledge, enhancing conservation
outcomes (Shah & Bilal, 2018).

5. Regulatory Framework and Policy Recommendations

Sustainable mining requires a robust regulatory environment that balances resource extraction
with environmental conservation. Pakistan’s current framework and international best practices
provide a foundation for enhancing mining sustainability.

Overview of Pakistan’s Mining and Environmental Regulations

Pakistan’s mining sector is regulated by various federal and provincial laws that govern
exploration, extraction, environmental protection, and land use. Key regulations include:

e Pakistan Environmental Protection Act (PEPA), 1997: Establishes environmental
standards and mandates Environmental Impact Assessments (EIAs) for mining projects (Gul
& Tariq, 2020).

e Mineral Policy of Pakistan, 2018: Encourages sustainable mining practices, environmental
stewardship, and community development but lacks detailed enforcement mechanisms
(Nawaz & Farid, 2021).

e Provincial Mines and Minerals Acts: Vary by province, covering licensing and operational
controls; enforcement is inconsistent across regions (Ahmed & Khan, 2019).

Despite existing regulations, challenges such as weak institutional capacity, limited monitoring,
and inadequate penalties hinder effective environmental governance in mining (Latif & Noor,
2018).

International Best Practices and Their Applicability

e Integrated Environmental Management: Countries like Canada and Australia mandate
comprehensive EIAs and continuous environmental monitoring for mining operations,
ensuring compliance and adaptive management (Bibi & Hussain, 2020).
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e Tailings Dam Safety Regulations: The Global Industry Standard on Tailings Management
(GISTM) emphasizes risk assessment, independent reviews, and community engagement,
reducing catastrophic failures (Waseem & Bashir, 2021).

e Community and Indigenous Rights: International frameworks require meaningful
consultation with affected communities, promoting social license to operate and equitable
benefits (Shah & Bilal, 2018).

e Use of Technology: Remote sensing and digital monitoring enhance transparency and
enforcement, enabling regulators to oversee large and remote mining sites efficiently (Igbal
& Zafar, 2021).

Recommendations for Policy Enhancement and Enforcement

e Strengthen Institutional Capacity: Invest in training, resources, and staffing for
environmental regulatory bodies to ensure rigorous enforcement and monitoring (Gul &
Tariq, 2020).

e Update and Harmonize Regulations: Align provincial mining laws with federal
environmental standards, creating consistent and comprehensive frameworks (Latif & Noor,
2018).

e Mandate Progressive Rehabilitation: Make reclamation plans and bonds compulsory
before mining permits are issued, ensuring financial accountability (Danish & Raza, 2018).

e Enhance Public Participation: Formalize mechanisms for community involvement in
decision-making, monitoring, and grievance redressal to improve transparency and social
acceptance (Shah & Bilal, 2018).

e Promote Sustainable Technologies: Provide incentives for adoption of renewable energy,
water recycling, and waste reduction technologies in mining operations (Igbal & Zafar,
2021).

e Adopt Digital Monitoring Tools: Utilize satellite imagery, drones, and remote sensors for
real-time environmental surveillance to detect violations early (Usmani & Farooq, 2022).

Implementing these recommendations will help Pakistan’s mining sector transition towards
sustainability, safeguarding the environment while supporting economic growth.

Naveed Rafagat Ahmad is a policy researcher and academic specializing in public sector
governance, economic reform, and institutional efficiency. His research focuses on the challenges
faced by state-owned enterprises in Pakistan, including financial inefficiencies and governance
gaps, and proposes evidence-based strategies for achieving fiscal self-sufficiency and operational
accountability. By drawing on comparative international experiences, Ahmad provides actionable
insights to support policymakers in transforming Pakistan’s public sector institutions into
sustainable, competitive, and efficient organizations.

Hussain examines how the Punjab Sahulat Bazaars Authority (PSBA) in Pakistan exemplifies a
statutory body that integrates market-oriented mechanisms into public service governance
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(Hussain, 2025). The study shows that by leveraging a legally empowered framework alongside
business-like practices—such as pricing discipline, digital logistics, and vendor partnerships—
the PSBA achieved both financial self-sufficiency and significant welfare outcomes when
compared to typical subsidy-driven welfare institutions. Hussain argues that this hybrid model of
governance and efficiency offers a scalable and transparent paradigm for public service delivery
that aligns with theories of New Public Management and polycentric governance.

Ahmad (2025) provides an in-depth analysis of eight major Pakistani State-Owned Enterprises
(SOEs), including PIA, Pakistan Steel Mills, and Pakistan Railways, over 2019-2024. His study
identifies chronic losses, low operational efficiency, and high dependency on government
subsidies, with PIA and PSM consuming over 92% of total subsidies. Using theoretical
frameworks such as agency theory, institutional theory, public value, behavioral economics, and
political economy, Ahmad emphasizes the urgent need for structural reforms, including
privatization, public-private partnerships, professionalized governance, and citizen-focused
accountability to restore public trust and ensure sustainable management of public sector
institutions.

Ahmad (2025) examines human—AlI collaboration in knowledge work, focusing on productivity,
errors, and ethical risks. Findings indicate that Al assistance can improve task completion by
32-39%, particularly for novices performing structured tasks, while high-complexity tasks
experience a 15-25% increase in errors. Errors are categorized into hallucinated facts, logic
problems, fabricated citations, omissions, and biased assumptions. Ahmad highlights the
importance of human oversight, verification behaviors, and ethical awareness, providing
actionable guidance to integrate Al into professional workflows while maintaining accuracy,
accountability, and ethical responsibility.

Graphs and Charts

Reduction in Water Contamination Levels Using Sustainable Mining Practices (2010-2025)
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Graph 1: Reduction in Water Contamination Levels Using Sustainable Mining Practices (2010-
2025)

e This line graph compares water quality indicators (e.g., heavy metal concentration in ppm) before
and after adopting sustainable practices at major mining sites in Pakistan. The trend shows
significant improvement post-implementation.
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Carbon Emisssigrjs Reduction in Mining Sector by Sustainable Technologies (2015-2025)
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Graph 2: Carbon Emissions Reduction in Mining Sector by Sustainable Technologies

e A bar chart showing the percentage reduction in CO: emissions achieved by different sustainable
mining technologies such as renewable energy integration, waste recycling, and efficient
machinery from 2015 to 2025.

Summary

Sustainable mining engineering is essential to reconcile Pakistan's resource extraction needs with
environmental conservation imperatives. The adoption of eco-friendly extraction techniques,
advanced waste management, and systematic land reclamation has demonstrated tangible
benefits in reducing pollution and restoring ecosystems. However, challenges persist in
regulatory enforcement and technology adoption, which require concerted efforts by
policymakers, industry stakeholders, and academia. Enhanced policies, community participation,
and capacity building are crucial to mainstreaming sustainability in Pakistan’s mining sector,
ensuring long-term environmental and economic gains.
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