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Abstract

Implementation of the Mining Closure Law in Chile in 2012 (Government of Chile 2011) constituted a
significant milestone in mining regulation. This law supports advancement towards a contemporary
legislative framework governing the assessment of closure costs and establishes the requirement for a bond
with the state which can be levied in the event of mining site abandonment by a company.

The industry has responded favourably to this initiative and most submitted mine closure plans have been
found to be in accordance with the standards established by the Mining Closure Law. Updates have been
made to these plans as necessary over the years, resulting in a high rate of compliance to date. However,
most of mine closure plans submitted to the Ministry of Mining are not derived from engineering design;
rather, they have been developed from conceptual closure measures.

Industry is currently confronted with a series of challenges, including a progressive depletion of reserves,
elevated mineral production costs, the presence of facilities that have been non-operational and an escalation
in socio-environmental issues. These factors have prompted mining companies to prioritise mine closure
engineering in their strategic portfolios, thereby addressing novel challenges.

The authors’ experience in development of several mine closure engineering projects based on the closure
plans approved by the Authority has identified important gaps in the closure planning process. These gaps
were classified into gaps in design, constructability, environmental and social matters. Addressing these
discrepancies is imperative to progress to subsequent engineering phases, a process which necessitates
substantial undertaking from mining companies. Additionally, limited cases of implementing mine closure
engineering in Chile represents a knowledge gap which must be addressed by the industry at the public,
private and academic levels.

This paper presents the primary gaps identified in the transition from permitting to mine closure engineering,
case studies of such gaps and recommendations to facilitate the successful implementation of mine closure
plans, ensuring compliance with regulations while minimising the impact on budgets and deadlines.
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1 Introduction

1.1 Evolution of the concept of mine closure at a global level

A general conceptual understanding of mine closure has evolved significantly on a global scale. The paradigm
shifted from a predominant emphasis on regulatory compliance in the 1990s to a contemporary
interpretation as a transitional activity, and a pivotal consideration of future land use following closure is
illustrated in Figure 1.

* Corresponding author.
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A fundamental tenet of optimal practices concerning the management of social aspects inherent in mine
closure entails the promotion of a positive legacy in the post-closure phase by corporations (Wilson et al.
2022). However, to ensure the land’s future use is safe, it is imperative that the closure process adhere to
applicable (i.e. local, regional and federal) regulations. These regulations typically focus on the physical and
chemical stability of mining facilities and consider the particularities of the environment and communities.
Consequently, the Authority can receive the closed-out site, with the mine operator relinquishing it to the
government and absolving the owner from any further liability. Furthermore, it constitutes an administrative
act that legally enables third parties, whether they are public or private entities, to exercise new uses for the
territory which are based on a business case.
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Figure 1 Changes in understanding the concept of mine closure in the industry over the last 30 years

Consequently, to ensure closure operations are executed in accordance with applicable regulations, mining
companies are obligated to implement closure measures which are both comprehensive and robust. These
measures must be supported by closure engineering, adhere to minimum standards and facilitate ecosystem
recovery.

In Chile the execution of mine closure projects has been limited, which has constrained the availability of
post-mining and returning land use case studies and reference projects. One of the successful cases
corresponds to the Sewell Camp, which was declared a World Heritage Site by UNESCO, and another case
corresponds to Humberstone, which was declared a Historic Monument in 1970 (Pearman 2009).

1.2 Changes in mine closure legislation in Chile

A salient legal development in the Chilean mining industry in recent years is the promulgation of Law 20.551
or ‘Mine Closure Law’ (Government of Chile 2011) and the Supreme Decree 41 (Government of Chile 2012),
issued by the Chilean Ministry of Mining, which stipulate the protocol for the cessation of mining operations
and their associated facilities (Sanzana et al. 2015).

The objective of the Chilean Mine Closure Law (Government of Chile 2011) is to integrate and implement a
set of actions aimed at mitigating the detrimental effects of mining in places where mineral extraction is
carried out to ensure post-mining physical and chemical stability. The implementation of closure measures
is imperative to ensure the preservation of life, health and safety for individuals and the environment.
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In summary, the objectives of the Chilean Mine Closure Law (Government of Chile 2011) are as follows:
e To protect the life, health and safety of people and the environment
e To mitigate the negative environmental effects of industry
e To ensure the physical and chemical stability of the places or areas in which mining occurs
e To establish guarantees for the effective closure of mining facilities
e To create a post-closure fund for the monitoring and control of closed mines.

As illustrated in Figure 2, the following procedural steps are required to obtain approval of a closure plan in
Chile. Initially, projects undergo an environmental assessment, wherein environmental impacts are analysed,
and mitigation measures are proposed. Subsequently, an assessment is conducted by government agencies
who review the technical project details (sector-specific or ‘sectoral’ assessment). The third stage required
for mining projects consists of submitting a closure plan to the Ministry of Mining, and its approval is a
prerequisite for initiating construction of the project.

Environmental Assessment Sectoral Assessment Closure Plan Assessment

Environmental Impact Study Permit Application

|
|
I
|
I
|

Environmental Approval Sectoral Approval

Figure 2 Permitting procedure for closure plans in Chile
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To date, the mining industry’s response has been favourable: most submitted mine closure plans have
complied with the standard established by the Law, and updates to these plans have been made over the
years as required, resulting in a high rate of compliance. However, most of mine closure plans submitted to
the Authority have been defined in a conceptual manner, without the incorporation of adequate engineering
design.

1.3 Pressures and opportunities

In recent years the global mining landscape has undergone significant changes. The prevailing concern
regarding workers and public safety continues to grow, which amplifies the pertinence of factors such as
approval risks by environmental authorities, augmented societal empowerment and participation, and
heightened reputational risks for the mining industry. This objective is further reinforced by the sustainability
goals established by various nations through numerous international agreements.

As illustrated in Figure 3, the mining industry currently confronts four key risks within the broader context of
global economic uncertainty and the subsequent impact on commodity price forecasts.
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Figure 3 Key risks and concerns facing the mining industry

The practice of mining has undergone a shift in recent years, with an increasing emphasis on achieving a
balance between the extraction of minerals and the preservation of the environment, the wellbeing of
communities and the optimisation of operational efficiency. This shift has been facilitated by the integration
of technological innovations. These concepts are interconnected and fundamental to the long-term
sustainability of the mining industry. Environmental license is contingent upon the necessity of a social
license to operate. In addition, there is a requirement for local communities to agree with the operation of
the mining project. This agreement can be achieved through transparent communication, active participation
in the benefits of mining and adequate management of social impacts.

As a mining site enters closure it is subject to the same risks and pressures that have been previously outlined
for operating facilities. These risks and pressures give rise to opportunities, and some examples are identified
in Table 1.

The industry faces several challenges today, including the progressive depletion of reserves, an increase in
mineral production costs, the existence of facilities that have been out of operation and increased
socio-environmental issues when seeking approval for expansion projects. As a result, mine closure
engineering has gained more relevance as a decision tool by making closure costs compete with those of
mining continuity projects. Consequently, closure engineering has been incorporated into the strategic
decision process of mining companies, creating new opportunities.
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Table1 Pressures and opportunities related to mine closure

Pressures/opportunities Description

Pressures Increasing legislation requirements, criteria and corporate standards are
based on a greater awareness of the impacts generated by the industry.

A closure capex with backup for provisioning purposes is a corporate
requirement.

Water scarcity in arid areas has intensified pressure to optimise water use,
resort to alternative sources such as desalinated sea water and improve
tailings management to avoid contamination.

The management of massive mining waste with high safety standards and the
search for alternatives for reprocessing or final disposal of tailings are growing
social pressures.

The decrease in ore grades has generated the need to process larger volumes
of material to obtain the same amount of metal and has driven the search for
technological innovations to increase efficiency and reduce costs.

Investors and lenders are concerned about the risks and consequent
accountability of having facilities out of operation in a mine. According to the
Ministry of Mining, there are 1,338 abandoned or paralysed mines in Chile
(Government of Chile 2019).

Opportunities The adoption of recent technologies such as automation, artificial
intelligence, the internet of things and big data analytics has become a focus
for improving the efficiency, safety and sustainability of operations.

The adequacy of established closure obligations is being reviewed and
reformulated, if appropriate. The above allows for more educated decision-
making regarding operational continuity.

The execution of partial closures of paralysed facilities allows a reduction in

environmental liabilities, generating a decrease in provisions and closure
costs while reducing the guarantee to be provided to the state and risks.

2 Methodology

2.1 Mine closure engineering

Mine closure planning has become an integral component of good governance and the company
management of mine closure (Boggs et al. 2023). Mine closure engineering constitutes a pivotal component
of this planning process.

Mine closure engineering can be defined as the set of engineering methods and practices applied to the
planning, design, execution and monitoring of activities necessary for the safe, sustainable and responsible
closure of a mine site or mining facility.

As delineated in Section 1.2, the Chilean Mine Closure Law (Government of Chile 2011) prioritises the
preservation of physical and chemical stability in the areas where mining operations are conducted.
Depending on the standard, the objective of closure engineering may also encompass additional concepts,
including the following:

e Rehabilitation and restoration are imperative. Disturbed areas should be recovered through
revegetation, topography restoration and, in some cases, biodiversity restoration.

e The process of decommissioning and removing subject assets is imperative and consists of
meticulously removing all facilities, equipment and materials which are no longer in use.
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e The issue of long-term safety is of particular concern. It is imperative to ensure the physical and
chemical safety of the closed site to prevent accidents and safeguard human and wildlife health.

e As part of socio-economic considerations, mining companies must prioritise the responsible closure
of their operations to maintain their social license to operate and ensure the continuous provision
of essential raw materials for societal development (Brock 2021).

Proper mine closure engineering is a multidisciplinary process that involves professionals from various fields
including geotechnics, hydrology and hydrogeology, geochemistry, environmental engineering, ecology, mining
engineering and social sciences. This process should be considered from the early stages within the lifecycle.

The objective is not to develop and finalise a closure plan as expeditiously as possible, as this approach has
been demonstrated to be unreliable and misleading. Rather, the emphasis is on generating data and a
knowledge base that facilitates the incorporation of realistic closure alternatives into the project planning
process (Hill et al. 2024).

2.2 Historical relationship between engineering and closure plans

In consideration of the objectives delineated within the legal framework, the methodological guidelines
established for the development of closure plans and the authors’ extensive experience in executing multiple
closure engineering projects, it was possible to characterise the historical relationship between closure
engineering and the approved closure plans as follows:

1. Arisk assessment is conducted to determine the probability of physical and/or chemical instability
during the facility’s operational life span and to formulate strategies for its eventual closure.

2. Subsequent to the identification of these issues, they are proposed at a conceptual level for both

the environmental permit and the sectoral permit application.

Figure 4 below illustrates the historical process through which engineering has been linked to the preparation
of closure plans submitted to the Authority.

4 A
* Legal
» Corporate
* International guidelines
.
Closure objectives . . .
) Environmental Ministry of Mining
1 Assessment Agency (Sectoral approval)
Identification of alternative Environmental Closure plan permit
closure measures assessment
A\ I J \
( N\
Risk assessment

Figure 4 Historical relationship between closure engineering and the closure plan

Observations indicate that both closure measures presented in the environmental permit and in the sectoral
permit approvals are based on concepts, with slight analysis of the conditions of the environment, the
facilities and the effectiveness of the measures. To identify gaps between closure engineering and the closure
plan submitted to the authority, the authors carried out the following activities:

1. They analysed medium- and large-scale closure plans currently approved by the Authority to
identify closure obligations that, according to expert opinion, appear not to have undergone prior
analysis or engineering to justify their effectiveness.
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2. The gaps identified between the permit approval and the closure engineering were grouped by
type.

3. Closure engineering projects in which the authors have recently participated were analysed.
4. Case studies of this analysis were presented, showing the gaps defined in this study.

It is important to acknowledge that this was an engineering-permitting gap analysis, as defined by the authors,
rather than a multi-criteria analysis of alternatives (as employed in a standard multiple account assessment).

2.3 Types of gaps identified

The authors defined gaps as items which must be addressed to progress to subsequent engineering stages,
and whose rectification likely necessitates a substantial effort from mining companies. Additionally, the
limited experience in implementing mine closure in Chile represents a knowledge gap that must be addressed
by the industry at the public, private and academic levels.

The analysis yielded a set of identified gaps, which the authors have grouped as shown in Table 2.

Table2 Types of gaps identified

Gaps Definition

Design The difference between the capabilities or expertise and the requirements
necessary to carry out the closure obligations

Constructability Closure obligations that cannot be executed as originally planned, due to
construction issues or material availability difficulties

Environmental Closure obligations that could have a significant negative impact on the
environment

Social Closure obligations that may have a negative effect on nearby towns or
communities

While it is generally accepted that problems invariably have associated impacts (e.g. secondary
environmental and social impacts), the criteria employed in this classification pertain exclusively to direct
impacts. It is important to note that economic disparity was excluded from consideration, given its
subsequent impact on the closure costs of the plans submitted to the Authority.

To facilitate comprehension, the subsequent section presents several case studies from recent years where
the authors have been involved in engineering the closure of mine sites.

It is important to note that as in the analysis of permits approved by the Authority, the mining sites in the
case studies are not identified due to confidentiality issues.

3 Results

3.1 Analysis of closure plans for medium and large mining projects in Chile

To carry out the analysis, the register of all the closure plans on record for medium and large mining?! projects
was reviewed. Table 3 below shows the number of closure plan permits approved and published by the
Ministry of Mining up to May 2025.

! Medium mining operations have an ore extraction capacity between 10,000 and 500,000 tpm, and large mining
operations have an ore extraction capacity greater than 500,000 tpm.
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Table 3 Summary of closure plans with approval in Chile (May 2025) (www.sernageomin.cl)

Closure plans approved Quantity
Large mining project 53
Medium mining project 106
Total 159

An exhaustive review of 30 out of 53 (56%) approved closure plans from the large mining project industry

was conducted.

Table 4 presents examples of actual closure obligations found in this review. These are recommended for review
as it has been observed that the necessary multivariable analyses to verify their effectiveness and site-specific
constructability are lacking, creating a gap between engineering and closure obligations. Some of the closure
measures included in the plans, along with a brief description of the identified gaps, are presented.

Table4 Examples of actual closure obligations with limited supporting rationale

Closure obligation

Identified gap of supporting rationale within the closure plan

Cover roads and
foundations with a 0.3 m
layer of soil

Massive backfill of the pit
with neutralising material

Decommission all mining
and support facilities

Maintain rainwater runoff
diversion channels to
avoid contact with waste
dumps

Seal stacks, main
entrance, chimneys and
auxiliary outlets

Build a diversion channel
upstream of the waste
dump

Clean-up of contaminated
soils

There is no technical justification that defines the thickness of the layer
(0.3 m). The sum of borrowings to cover corresponds to approximately
200,000 m3, of which there is no indication of how they will be obtained.

There is no study or analysis that identifies the location, origin or type of
neutralising material needed to control the chemical stability of the pit.
However, it is estimated that 1 Mm? of neutralising material is required.

It is committed to the removal and final disposal of approximately 17 Mm?
of concrete and steel non-hazardous waste, and there is no place near the
mine site with the capacity to receive this amount.

To control the acid rock drainage generation there is a commitment to
maintain the contour channel upstream of the dump used during
operation. However, there are no studies to verify whether the contour
channel will be able to contain the maximum probable precipitation.

It is committed to sealing all possible access points to the underground
mine, because the project indicates that, given the large amount of water
and infiltration, the galleries will be flooded. However, there is description
of the type of seal for such entrances, its materiality or minimum
dimensions to prevent water from draining to the surface.

There are protected glaciers near the dump and there is no analysis to verify
whether it is possible to build such a channel without affecting them.

It is committed to excavating and removing all contaminated soil and
sending it to a hazardous waste disposal site. Approximately 1 Mm?* of
contaminated soil is declared, without any technical studies. There is not a
nearby disposal site that can support such amount; nor has it been
established what the final shape of these sectors will be after removal.

In general, the mining industry in Chile faces challenges regarding the effectiveness of its current closure

obligations, including:
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e The closure obligations in many current closure plans are not based on analysis of site-specific
factors (e.g. climate, material availability, etc.)

e Alimited incorporation of novel, environmentally innovative or new technologies
e The need to carry out specific studies aimed at defining the most appropriate closure obligations.

Additionally, there is an absence of progressive closure during operation, which overlooks the potential to
reduce environmental liabilities and closure costs.

4 Case studies

The case studies below are based on projects that the authors have developed in recent years.

41 Case study 1

The mine site is situated in an environment characterised by a high degree of vegetation and biodiversity.
The site contains a waste disposal area that has been constructed over a stream which becomes active during
periods of rainfall. Geotechnical studies have demonstrated that the dump necessitates a rainwater
management strategy to avert the potential for physical instability. The obligation in the closure plan is the
construction of a diversion channel upstream of the dump to avoid contact with the waste dump (Figure 5).

Preservation

Figure 5 Outline of Case study 1

The following gaps were identified during the engineering process:

e Thorough analysis of the maximum precipitation probability reveals that the dimensions of the
required upstream ditch exceed those of the waste dump itself.

e Construction of the ditch and diversion channel necessitates the extraction of preservation forest.

e The dump site is characterised by challenging access, primarily due to the presence of roads which
are too narrow and steep slopes which are unsuitable for trucks.

Consequently, Case study 1 exhibits design, constructability and environmental gaps.

4.2 Case study 2

An underground mine is situated in Central Chile. At present, the mine is receiving water at a rate of
approximately 500 L/s, which is utilised by the company for industrial purposes: specifically for the operation
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of the ore processing plant. The Authority has been informed of the commitment to constructing a 20-cm-
thick plug in the main entrance, as illustrated in Figure 6.
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FE OB Plug 20 cm thickness
Flooded Mine . /

Probable leakage

Figure 6 Outline of Case study 2

The following gaps were identified during the engineering process:

e The environmental study demonstrated that the water present within the mine’s interior has been
contaminated by metals.

e It is estimated that, following the conclusion of operations, there will be an increase in internal
drainage exceeding 500 L/s.

e Preliminary estimates indicate the mine will be inundated when mining ceases.

e Itis unclear whether a 20-cm-thick plug would be capable of containing the water within the mine.
Failure of this plug would result in uncontrolled contact water surface drainage.

Consequently, Case study 2 exhibits design and environmental gaps.

4.3 Case study 3

A mine site includes a waste dump situated on elevated terrain bordered on one side by a river. Preliminary
geotechnical studies have indicated that the waste dump is in a state of long-term instability (post-closure).
The Authority has committed to a comprehensive remediation plan involving the re-profiling of the landfill
site to achieve physical stability (see Figure 7).
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Figure 7 Outline of Case study 3

The following gaps were identified during the engineering process:

e There is a high probability of material sloughing, falling, eroding or otherwise entering the river
during the process of re-profiling.

e Material falling may affect the course or chemical composition of the river.

e The existence of communities that utilise the river for grazing and agriculture has been documented
but not considered in the planning.

Consequently, Case study 3 exhibits constructability, environmental and social gaps.

4.4 Case study 4

The mine site contains a tailings deposit with an area of approximately 2,000 ha. The site is situated 6 km
from a town in a desert area characterised by high wind speeds. The Authority has committed to covering
the entire tailings deposit basin with 50 cm of borrowed material to prevent tailings dust from rising and
affecting the nearby population (see Figure 8).

Foundation Soil

Figure 8 Outline of Case study 4
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The following gaps were identified during the engineering process:

e Itis estimated that approximately 10 Mm?3 of soil or borrow material would be necessary to comply
with the specified commitment.

e The utilisation of mine waste is precluded due to the potential for acid rock drainage, rendering it
unsuitable for implementation.

e The extraction of such an amount of material in the immediate vicinity is not feasible without
causing a substantial negative environmental effect.

Consequently, Case study 4 exhibits design and environmental gaps.

5 Proposed methodology to reduce gaps

A methodology is proposed to reduce the risks and pressures previously identified, based on the analysis and
observations made in the engineering projects executed. Figure 9 illustrates the proposed methodology,
entitled “Effective relationship between closure engineering and closure plan”.

4 N
* Legal
» Corporate - + General Environmental
\- International guidelines « Specific Assessment Agency
Closure objectives Closure criteria ‘ E:;“sr::;rr:;? ! I—
Ministry of Mining
l (Sectoral approval)

Identification of alternative |De-selection [ESERRISNSIMISRSINN Decision Engineering Closure plan permit
closure measures development planp
) Analysis Capex of closure
Risk assessment Multivariable

Technician
Constructability
Environmental
Social

Figure 9 Effective relationship between closure engineering and closure plan

The implementation of trade-offs relating to the closure alternatives for each facility and a multi-criteria analysis
are hereby proposed to evaluate the state of engineering incorporation. It is imperative that these trade-offs
encompass a comprehensive consideration of design, constructability, environmental and social variables.
Subsequently, the environmental and sectoral permits applications should be generated from engineering
development.

The advantages and opportunities identified for the industry when considering an effective relationship
between an engineering and closure plan are now provided.

Advantages:
e A more realistic cost estimate for the closure plan will be obtain.

e Technical rationale supporting the closure obligations is developed to inform the review by
environmental and sectoral agencies.

e Closure obligations are designed and constructed according to the reality of the site and its
environment.

e Reduced costs and closure project timelines are possible due to fewer iterations.

e The possibility of optimised closure costs by implementing new technologies is created.
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Opportunities:
e The closure plan preparation based on the development of engineering.
e Technical studies can be updated on an ongoing basis.

e Adaptive methodologies that allow for adjustments in future engineering stages can be
implemented.

e |[nstances in which the visions of the different stakeholders are taken into account can be
generated.

e Early identification can be made of facilities that could have another use in the future.

Using this proposed methodology, it is possible to move towards permit-aligned engineering that complies
with regulations while minimising the impact on closure project budgets and timelines.

6 Conclusion

The analysis identified significant challenges currently facing the mining industry in Chile with regards to mine
closure. These challenges encompass the necessity to integrate advanced technologies, the imperative to
conduct specialised studies to ascertain closure measures that are more precise and site-specific, the
requirement to assess the construction aspects of extant obligations and the undertaking of progressive
closures during operation.

A proposed methodology will allow mining companies to receive technical support regarding closure
obligations from the relevant environmental and sectoral agencies. The methodology will enable companies
to design and create closure obligations according to the characteristics of the site and its environment,
thereby reducing costs and project timelines due to fewer iterations. This multifaceted approach not only
mitigates environmental liabilities but also furnishes invaluable insights, particularly regarding the
determination of actual closure costs.

Among the opportunities for improvement are the development of trade-offs between closure measure
alternatives, the preparation of the closure plan based on engineering, the updating of technical studies on
an ongoing basis, the implementation of adaptive methodologies that allow for adjustments in the following
stages of engineering and the generation of instances in which the vision of the different stakeholders is
considered.
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