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Abstract

Coal mining in Santa Catarina, Brazil, began in the early 1900s and expanded
significantly after 1950, currently representing 13% of national extraction ac-
tivities. The environmental legacy of this activity includes widespread acid
mine drainage (AMD), affecting soil and water quality across the region. Due
to the large scale, geological complexity, and diverse stakeholder interests,
these areas are classified as complex contaminated sites, where remediation
efforts face high uncertainty and long timelines. This study proposes an Inte-
grated Management Strategy based on Adaptive Management principles, em-
phasizing iterative planning, conceptual modeling, and risk-based prioritiza-
tion. The strategy is tailored to the Santa Catarina Coal Basin, which spans over
900,000 hectares, and incorporates site-specific data, stakeholder engagement,
and performance monitoring. Expected outcomes include the development of
a flexible and scalable framework for environmental recovery, capable of guid-
ing decision-making under uncertainty. Practical contributions involve tools
for prioritizing interventions, improving coordination among institutions,
and enhancing transparency in remediation processes. The findings also offer
insights for public policy, supporting the formulation of long-term environ-
mental governance mechanisms and regulatory updates aligned with the com-
plexity of legacy mining liabilities in Brazil.
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1. Introduction

Coal mining in Brazil dates back to the 1880s, although earlier accounts describe
drovers in southern regions using abundant surface “black stones” to fuel camp-
fires. Reports of these combustible rocks reached the imperial court in Rio de
Janeiro, prompting land acquisitions in the south and initiating the region’s in-
dustrial development. Over the decades, coal has remained a strategic energy re-
source for Brazil, particularly during global shortages in the World Wars and
throughout the national industrialization period.

The Santa Catarina Coal Basin spans over 900,000 hectares across 24 munici-
palities and contains an estimated 4.3 billion tons of coal reserves. Economically
viable extraction has historically focused on the Barro Branco, Bonito, and Irapua
seams, associated with Permian-age successions of the Rio Bonito Formation. Fol-
lowing a century of exploitation, the sector declined sharply in the 1990s due to
economic liberalization, rendering operations financially unsustainable. Since
then, coal production has primarily served the Jorge Lacerda Thermoelectric
Complex, which supplies approximately 35% of Santa Catarina’s energy demand.

This prolonged mining activity has left significant environmental liabilities, in-
cluding 6000 hectares of surface disturbance, 16,000 hectares of subsurface degra-
dation, and 820 abandoned mine entrances (Figure 1). The most critical impact
is acid mine drainage (AMD), where sulfide minerals exposed to oxygen generate
acidity and release contaminants into surrounding soils and water bodies. Re-
gional monitoring data indicate that coal mining affects 1241 km? of surface wa-
ters, with 72% influenced by AMD and 67% classified in poor condition, exhibit-
ing pH levels below 4.5 [1].

Despite two decades of recovery efforts, environmental remediation has yielded
limited success. In the most complex cases, interventions have failed to signifi-
cantly reduce acidification in surface and groundwater systems. These sites align
with the definition of “complex contaminated sites” as outlined by the Interstate
Technology Regulatory Council [2], where remediation does not meet recovery
targets within a reasonable timeframe. Contributing factors include intricate geo-
logical and geochemical conditions, as well as non-technical barriers such as social
expectations and funding constraints.

This scenario calls for a transition toward Adaptive Management—a frame-
work designed to address uncertainty through the development of robust concep-
tual models and iterative, long-term strategies that evolve over time [3]. When
integrated with environmental and human health risk assessment tools, this ap-
proach enables prioritization of actions to mitigate the most critical impacts, such
as safeguarding community water supplies and sensitive ecosystems. Given the
complexity of these sites, a new management model is needed—one that defines
final and intermediate objectives based on site-specific conditions.

Accordingly, this study aims to evaluate the environmental recovery practices
implemented in the Santa Catarina Coal Basin over the past two decades and to

propose an integrated strategic model capable of delivering consistent and

DOI: 10.4236/jep.2025.1610055

1029 Journal of Environmental Protection


https://doi.org/10.4236/jep.2025.1610055

J. C.R. G. Junior et al.

630000

650000 670000

i

R~ ™

Legend
Impacted Surface Area
[ underground Mine
:I Hydrographic Basins
:| Bordering Municipalities
Main rivers

6880000

6860000

Coordinate System:

SIRGAS 2000 UTM Zone 22S
Projection: Transverse Mercator
Datum: SIRGAS 2000
Scale: 1:600.000
Cartographic Data Sources: GTA (2024),
IBGE (2024) e SIG-SC (2016)

-53 -50
1 1

6840000

(( s
russanga River,

6820000

+

25

0 625 1.250 2.500
K

Figure 1. Location of the Santa Catarina Coal Basin and its impacted mining areas in relation to its river basins (Modified from [1]).

realistic improvements in environmental quality over time.

2. Methods

The methodology of this study was structured into three main phases: 1) inte-
grated data collection, 2) comparative analysis, and 3) critical synthesis to support
the development of new management strategies.

The first phase involved a multi-source data collection process. It began with a
comprehensive literature review to identify global best practices in managing coal
mining-impacted areas, resulting in a curated database of over 50 relevant scientific
articles and technical reports. This international perspective was complemented by
an in-depth examination of the Brazilian legal framework related to mining and
contaminated sites. To contextualize these findings, the study also analyzed site-

specific technical documents from the Santa Catarina Coal Basin, including envi-
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ronmental investigation reports, engineering plans, and historical monitoring data.

In the second phase, a comparative analysis was conducted. International re-
mediation strategies and management models were benchmarked against current
practices in southern Santa Catarina, aiming to identify key differences, gaps and
opportunities for improvement in the local approach.

The final phase consisted of a critical synthesis of the findings. By integrating
insights from the literature, regulatory context, and local technical documenta-
tion, the study assessed the effectiveness of conventional remediation efforts, es-
pecially in cases involving deep and complex contamination. This synthesis pro-
vided the foundation for proposing a new strategic model for the long-term man-
agement of environmental liabilities associated with coal mining.

The 50-item literature database was assembled through a structured search
across Scopus, Web of Science, and Google Scholar, using keywords such as “acid
mine drainage”, “adaptive management”, “complex contaminated sites” and “coal
mining remediation.” Documents published between 1998 and 2023 were consid-
ered, with priority given to peer-reviewed studies and technical reports demon-
strating practical applications in mining contexts. Inclusion criteria focused on
thematic relevance, methodological robustness, and applicability to the Brazilian

regulatory and environmental landscape.

3. Current Regulatory Framework for Environmental
Management of Coal-Mined Areas in Santa Catarina

Between the filing of Public Civil Action No. 93.80.00533-4 by the Brazilian Fed-
eral Public Ministry in 1993—against coal mining companies, the State of Santa
Catarina, and the Brazilian Federation—and the judicial ruling in 2000, both pub-
lic authorities and the coal sector began seeking solutions to the environmental
liabilities resulting from coal mining in the region. One of the main challenges in
judicial discussions of this nature is that, despite Brazil’s extensive and complex
environmental legal framework, there is no specific legislation addressing the re-
mediation of coal-mined areas. This legal gap complicates the consolidation of
legal certainty and the effectiveness of judicial decisions, especially within the con-
text of Brazil’s civil law system.

During this period, a series of initiatives were undertaken to guide the environ-
mental management of coal-mined areas in Santa Catarina. These initiatives are

detailed in the following sections.

3.1. Contributions Obtained through Agreements

Mining in Brazil is governed by a set of legal obligations aimed at ensuring the
sustainable exploitation of mineral resources, environmental protection, and op-
erational safety. The National Mining Agency (ANM), established by Law No.
13,575/2017, is responsible for regulating, supervising and promoting the mineral
sector. Its duties include issuing mining titles, overseeing operations, controlling

production and trade, and managing mineral resources in accordance with cur-
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rent legislation [4]. ANM also engages in international cooperation agreements to
strengthen regulatory practices.
¢ International Cooperation: JICA Agreement

Given the complexity of environmental liabilities in the Santa Catarina Coal
Basin, the Brazilian Federal Government signed a cooperation agreement with the
Japanese government through the Japan International Cooperation Agency (JICA).
The initiative aimed to conduct feasibility studies, develop remediation and mon-
itoring plans and transfer relevant technologies. The JICA [5] report highlighted
areas with intense acid mine drainage (AMD) and recommended techniques such
as wet covers and passive treatment using wetlands. Although wet covers did not
yield immediate results, they were expected to improve over time with the estab-
lishment of aquatic ecosystems. The report also included cost assessments and
institutional strengthening proposals.
¢ National Technical Collaboration: CETEM and CANMET

In the early 2000s, the Santa Catarina State Coal Extraction Industry Union
(SIECESC) partnered with the Mineral Technology Center (CETEM/MCT) to de-
velop conceptual recovery projects for the region. Supported by CANMET (Can-
ada Centre for Mineral and Energy Technology), the collaboration produced tech-
nical documents that served as the basis for Environmental Impact Assessments
(EIAs) and Plans for Recovery of Degraded Areas (PRADs).

CETEM [6] outlined engineering solutions for AMD control and environmen-
tal recovery, including: 1) Chemical stabilization of contaminants; 2) Physical sta-
bilization of waste and abandoned mines; 3) Landscape restoration (reprofiling
and revegetation); 4) Drainage systems to prevent untreated water discharge; and
5) Evaluation of coal reuse strategies with reduced waste generation. Subsequent
reports [7]-[9] detailed the performance of active and passive treatment tech-
niques, including wetlands and dry covers.
¢ Consolidated Knowledge and Technological Gaps

The book Brazilian Coal: Technology and Environment [10] compiled exten-
sive experience from professionals and institutions on mining, environmental im-
pacts, revegetation, phytoremediation and risk analysis. These works identified
most of the best available technologies for AMD control in Santa Catarina.

However, they did not incorporate modern tools for prioritizing management ac-
tions based on site complexity and uncertainty—such as Geographic Information
Systems (GIS) or systematic contaminated site management frameworks. These
approaches have only emerged in the last decade and were not part of the earlier
agreements.

In the most complex cases, where remediation has failed to significantly reduce
water acidification, more advanced environmental investigations are required,

similar to those applied in industrial contaminated sites.

3.2. Environmental Monitoring by GTA

In 2007, the Technical Group for Monitoring the Execution of the Sentence (GTA)
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was established to define technical criteria for environmental recovery efforts, pri-
oritize remediation actions, and minimize judicial conflicts related to coal mining
impacts in Santa Catarina. The group is composed of representatives from mining
companies, the state environmental agency, federal institutions, and the Federal
Public Ministry, which plays a leading role in defining the content of the technical
guidelines.

Since its inception, GTA has been responsible for producing annual reports on
regional environmental quality in areas affected by coal mining. These reports aim
to assess the effectiveness of recovery and control measures implemented by the
Federal Government and the companies involved in the judicial sentence resulting
from the Public Civil Action.

The monitoring activities include data collection on surface and groundwater
quality (using a network of wells and abandoned mine entrances), soil cover con-
ditions and the status of the biotic environment. The monitored region encom-
passes approximately 195,000 hectares, covering portions of the Ararangud,

Urussanga and Tubaréo river basins, and includes 17 municipalities (Figure 1).

3.3. Technical Criteria Established between the Federal Public
Ministry and Mining Companies

In 2008, the Federal Public Ministry consolidated the first version of the document
Criteria for the Recovery or Rehabilitation of Areas Degraded by Coal Mining,
following consensus discussions within the Technical Group for Monitoring (GTA).
This document was developed during the execution phase of Public Civil Action
No. 93.80.00533-4, with the objective of ensuring the effectiveness of the judicial
decision issued by the Brazilian courts.

The technical criteria outlined in the document guide the monitoring and re-
mediation of environmental liabilities and address the following aspects: 1) Con-
trol of acid mine drainage (AMD); 2) Monitoring of surface and groundwater
quality; 3) Rehabilitation of contaminated soils; 4) Removal and proper disposal
of waste materials; 5) Development of recovery plans for degraded areas; 6) As-
sessment of risks to public health; and 7) Promotion of community participation
and transparency.

The first chapter of the document defines key concepts such as degraded area,
recovery, restoration, rehabilitation and future use. It establishes that areas de-
graded by coal mining must undergo recovery and rehabilitation processes aimed
at achieving an environmental condition that, while not identical to the original,
enables appropriate future use. This approach differs from restoration, which
seeks to return the ecosystem to its original state as closely as possible.

However, the document does not specify the conditions or criteria for conclud-
ing these activities, nor does it define the requirements for obtaining a formal cer-
tificate of recovery. This omission is notable given the strict interpretation of civil
environmental liability by the Brazilian Superior Court of Justice, which tends to

impose rigorous obligations on environmental degraders.
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In terms of water resource management, the absence of detailed mapping of
regional aquifers limits the ability to assess long-term impacts comprehensively.
Although the GTA’s technical criteria provide a structured framework for guiding
recovery efforts, persistent information gaps and implementation challenges (par-
ticularly those related to contamination complexity and technological constraints),
suggest that effective solutions may only be achievable over extended timeframes,

potentially spanning decades.

3.4. Conditions for Concluding Obligations

To strengthen the effectiveness and accountability of environmental recovery ef-
forts in coal-mined areas, the Technical Group for Monitoring the Execution of
the Sentence (GTA) established two key technical criteria. These include: 1) the
soil and water quality parameters required to demonstrate the success of remedi-
ation activities, and 2) the standards for evaluating surface water resources to ver-
ify the effectiveness of isolation measures in areas affected by tailings and waste
deposits. These guidelines were formalized during GTA’s 30" meeting, in Septem-
ber, 2017.

According to the established protocol, responsible parties must monitor water
quality for a minimum of four years following the completion of recovery works.
At the end of this period, surface water quality should be equal to or better than
that of upstream reference points. If this condition is not met, corrective actions
must be implemented, or monitoring should be extended for up to eight years if
there is evidence of declining contaminant concentrations. The parameters to be
monitored include iron, sulfate, manganese, acidity, dissolved oxygen, aluminum,
pH, and redox potential (Eh).

The record also acknowledges that, in cases where contaminant levels do not
evolve as expected, alternative criteria may be necessary. These could be based on
environmental risk assessment and contaminated site management principles, al-
lowing for more flexible and context-sensitive decision-making.

Given the complexity of contamination scenarios and the limitations of current
criteria, it becomes increasingly relevant to consider complementary approaches.
These include the classification of complex sites and the adoption of adaptive
management strategies, which rely on robust conceptual models (geological, hy-
drogeological, and contamination-related), as well as ecological and human health
risk assessments. Such frameworks help define clear remediation and rehabilita-
tion goals for each chemical parameter and support the prioritization of actions
across impacted sites.

Although these concepts are not yet fully incorporated into the existing criteria,
they are supported by key regulatory instruments such as CONAMA Resolution
No. 420/2009 (federal) [11] and Normative Instruction No. 74/2023 [12] issued
by the Santa Catarina Environmental Institute (IMA-SC). Their integration into
the environmental management of coal-mined areas will be further explored in

the next chapter, which presents a strategic model designed to address the long-
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term challenges of recovery in the Santa Catarina Coal Basin.

3.5. Evaluation of Improvements Resulting from Environmental
Recovery Works

The 13" report issued by the Technical Group for Monitoring the Execution of
the Sentence (GTA), published in 2020, consolidates water quality monitoring
data collected since 2002 [1]. Several key findings emerge from this report.

Regarding surface water bodies, the historical data series indicates a 90% reduc-
tion in acid load, which likely reflects the gradual recovery of impacted areas
through interventions such as land reshaping and revegetation. However, the re-
port highlights that contaminant concentrations in rivers vary depending on the
origin of tributary waters. Rivers receiving inflows from non-mining areas tend to
show dilution effects, while those fed by tributaries impacted by coal mining con-
tinue to exhibit elevated acid loads.

In relation to groundwater, the monitoring network reveals persistent contam-
ination patterns in wells influenced by mining activities, with no significant signs
of improvement. These patterns are consistent with those observed in waters from
abandoned mine entrances, which continue to exhibit high levels of conductivity,
acidity, aluminum, iron, manganese and sulfate.

With respect to soil cover, the report notes that some areas previously subjected
to recovery interventions have deteriorated due to lack of maintenance, resulting
in setbacks in environmental quality. Conversely, other areas have benefited from
ongoing recovery efforts.

As for the biotic environment, the monitoring scope has expanded to include
additional sites. Nonetheless, certain areas have experienced negative impacts on
the recovery process due to third-party activities, such as agricultural practices

and vegetation removal.

3.6. Information Gaps in Regional Groundwater Monitoring

The GTA report [1] acknowledges that groundwater-related issues are being ad-
dressed, but highlights important technical limitations in the current monitoring
framework. It is assessed that the existing aquifer monitoring network fails to pro-
duce representative data on regional groundwater conditions. Most wells reflect
highly localized conditions with limited statistical significance, rendering them
inadequate for synthesizing information or conducting assessments at a basin-
wide scale.

Moreover, the reports do not present a regional geological or hydrogeological
conceptual model, nor do they include construction profiles of the monitoring
wells. The most relevant groundwater quality data appear within the “integrated
analysis of environmental indicators in the sub-basins of notable points,” where
historical information is presented at a local scale, without broader interpretative
context.

Given that the primary objective of regional monitoring is to evaluate the effec-
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tiveness of environmental recovery and control measures, the ability to demon-
strate improvements in monitored media, particularly groundwater, is essential
for concluding remediation cases. Therefore, a critical evaluation of the criteria
and methodological procedures used in regional groundwater studies emerges as
a necessary and foundational step toward achieving these objectives.

These gaps reinforce the need for more advanced conceptual modeling and in-
tegrated assessment frameworks, which will be further explored in the next chap-
ter through the proposal of a strategic model for managing environmental liabili-

ties in coal-mined areas.

3.7. Concepts of Rehabilitation and Remediation: CONAMA
420/2009

The National Environmental Council (CONAMA) is a Brazilian collegial body
that plays a central role in formulating and implementing environmental policy.
Created under Law No. 6,938 of August 31, 1981, which established the National
Environmental Policy (PNMA), CONAMA is composed of representatives from
federal, state, and municipal agencies, as well as civil society, ensuring broad dem-
ocratic participation in environmental decision-making.

Among its responsibilities is the issuance of resolutions—normative instru-
ments that regulate environmental matters nationwide. One such instrument is
CONAMA Resolution No. 420/2009, which “provides criteria and guiding values
for soil quality regarding the presence of chemical substances and establishes
guidelines for the environmental management of contaminated areas by these
substances as a result of human activities”.

Although the concepts of rehabilitation and remediation are commonly associ-
ated with mining activities, they are also central to the management of contami-
nated sites, as defined in Resolution 420/2009. In this context, rehabilitation refers
to intervention actions aimed at achieving a tolerable level of risk for the declared
or future use of a contaminated area—a definition that aligns with the interpreta-
tion found in the GTA report [1]. Remediation, in turn, is defined as one of the
possible actions within the rehabilitation process, involving techniques that re-
move, contain or reduce contaminant concentrations to levels that no longer pose
risks.

This distinction is particularly relevant to the present study, as remediation can
serve as a milestone within broader rehabilitation strategies.

The Ministry of the Environment [13] defines a contaminated area as “any site
or region that contains concentrations of chemicals or waste, introduced anthro-
pogenically, accidentally or even naturally occurring, that cause or can cause harm
to human health, the environment, or other assets to be protected”. This interpre-
tation allows for the classification of impacted coal mining areas as contaminated
sites, subject to the management procedures outlined in Resolution 420/2009.

The resolution further defines contamination as the “presence of chemicals in

air, water or soil, resulting from anthropogenic activities, in concentrations that
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restrict the use of this environmental resource for current or intended uses, de-
fined based on risk assessment to human health and assets to be protected, in stand-
ardized or specific exposure scenarios”. In this framework, risk assessment becomes
the central criterion for determining the scope and duration of remediation efforts,
offering a more objective basis for defining the limits of rehabilitation.

These concepts and approaches are not explicitly addressed in the Technical
Criteria document (see item 3.3). Therefore, it is recommended that the criteria
be revised to incorporate the possibility of managing environmental liabilities in
coal-mined areas as contaminated sites. This revision should be grounded in risk
assessment methodologies and aligned with the provisions of CONAMA Resolu-
tion 420/2009 and the state-level Normative Instruction IN74/2023 issued by the
Santa Catarina Environmental Institute (IMA-SC), which regulates the recovery

of contaminated areas.

3.8. Management of Contaminated Sites in the State of Santa
Catarina

The procedures for managing contaminated sites in Santa Catarina are outlined
in Normative Instruction IN74/2023, issued by the Santa Catarina Environmental
Institute (IMA-SC). This state-level regulation was developed to align with the
federal framework established by CONAMA Resolution No. 420/2009 and pro-
vides detailed criteria and guidelines for the submission of plans and programs
aimed at recovering contaminated areas within the state.

The initial version of the regulation was published in 2018, primarily addressing
contamination cases related to hydrocarbon spills and industrial activities. In
2023, the regulation was updated to explicitly include coal mining areas among
those subject to its provisions.

IN74/2023 introduces specific methodologies for developing conceptual mod-
els of contamination exposure, based on progressively detailed environmental in-
vestigations and risk assessments to human health and the environment. These
models serve as the foundation for defining intervention plans that prioritize ac-
tions and optimize resource allocation. This approach is particularly relevant to
coal mining areas, given the complexity of contamination patterns and the diver-
sity of exposure pathways, which demand site-specific risk assessment strategies.

The regulation also defines Compliance Points as “monitoring points located
near receptors potentially exposed to contaminants, whose concentrations must
comply with established targets”. This concept allows for the implementation of
risk-based monitoring networks that reflect actual exposure scenarios, rather than
relying solely on generic environmental standards. It reinforces the practical ap-
plication of the principles set forth in CONAMA Resolution 420/20009.

Another key provision of IN74/2023 concerns the development of Intervention
Plans, which must include long-term remediation or containment measures.
These plans are subject to periodic review (at least every five years) to assess the

feasibility of achieving the objectives initially established. Considering that coal
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mining areas often qualify as complex contaminated sites, the regulation’s empha-
sis on adaptive and iterative management is consistent with the need to address
environmental liabilities over extended timeframes.

The alignment between IN74/2023 and federal standards, combined with its
applicability to coal mining contexts, provides a robust regulatory foundation for

the strategic environmental management model proposed in the next chapter.

4. Proposal for a New Approach for the Environmental
Management

The content explored in the previous chapter revealed several critical gaps in the
current environmental management model applied to coal mining areas in Santa
Catarina. These include the absence of regional hydrogeological conceptual mod-
els, insufficient groundwater monitoring networks, lack of standardized criteria
for closure of environmental obligations, and the absence of systematic tools for
risk-based prioritization. These limitations hinder the effectiveness of remedia-
tion efforts and underscore the need for a strategic, adaptive framework capable
of addressing complexity and uncertainty across the basin, whose content is ex-

plored in the next items.

4.1. Adaptive Management: An Effective Framework for
Structuring Environmental Decision-Making

The Adaptive Management approach was originally developed for natural re-
source management initiatives [14]-[17]. It was later adapted by the National Re-
search Council (NRC) for application to contaminated sites and formally concep-
tualized in 2003, with specific recommendations for contexts marked by high un-
certainty and inconclusive remediation outcomes [3]. The NRC emphasized that
Adaptive Management should incorporate comprehensive monitoring to reduce
uncertainty and enable iterative refinement of strategies, thereby advancing sci-
entific understanding while improving operational effectiveness.

The Interstate Technology & Regulatory Council [2] recommends Adaptive Man-
agement for complex contaminated sites, as it helps integrate and structure deci-
sion-making processes. This approach enhances the selection and implementa-
tion of protective actions, while optimizing costs and timelines.

According to ITRC [2], a complex contaminated site is one where conventional
remedial approach are unlikely to achieve closure or transition to sustainable
long-term management within a reasonable timeframe. This is often due to per-
sistent technical and non-technical challenges, conditions that characterize many
coal mining areas in Santa Catarina.

Technical complexities include geological, hydrogeological, and geochemical
variability, as well as the nature and distribution of contaminants and the scale of
impacted areas. Non-technical challenges may involve the definition of final and
interim environmental objectives, overlapping institutional responsibilities,

evolving land use, and financial constraints. These factors collectively hinder the
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ability to reliably predict the success of environmental management efforts.

The Adaptive Management framework proposed by ITRC [2] includes a struc-
tured decision-making flowchart for developing and managing a Conceptual Site
Model (CSM) in contaminated areas. The process unfolds in sequential steps:
evaluating the need for adaptive management, revising environmental objectives,
planning remedial and long-term strategies, and continuously monitoring inter-
vention effectiveness. Feedback loops are embedded throughout, allowing for it-
erative adjustments whenever outcomes deviate from expectations, making Adap-
tive Management a powerful tool for navigating technical and institutional uncer-
tainties.

Applications of Adaptive Management in mining contexts have been docu-
mented in the United States [2], Canada [18] and Australia [19]. Elements of this
methodology are also present in the Global Acid Rock Drainage (GARD) Guide
developed by INAP [20].

Figure 2 illustrates the Adaptive Management strategy proposed for addressing
environmental liabilities in coal mining areas of Santa Catarina. The framework
begins with a Preliminary Assessment and, if necessary, emergency actions. It then

advances to the development of an initial CSM, followed by successive investigation

Preliminary Assessment b , Emergency/Urgent Action

/ N\ ( Updated Conceptual]
1.Initial Conceptual Site Model SiteiMadel

2.Investigation:

a.Background

Interim
Objectives
Achieved?

b.Confirmatory
c. Detailed
d.Risk Assessment
e.Target levels
3.Definition of Objectives: .
I C Rehabilitation >
b.Final
4.Adaptive Management Plan

5.Interventions
Objectives

Achieved?

6.Monitoring
7.Adjustments

A _4

( Recovery )
|

Closure

Figure 2. Adaptive management strategy proposed for addressing environmental liabilities
associated with coal mining sites in Santa Catarina.
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phases—background, confirmatory, detailed and risk assessment. These stages
lead to the establishment of target levels and the definition of interim and final
environmental objectives. An Adaptive Management Plan is then formulated to
guide interventions, monitoring and necessary adjustments. Decision points are
incorporated to evaluate progress, enabling feedback loops that refine the CSM
and update strategies. Once objectives are met, the site transitions through reha-
bilitation, remediation, and ultimately closure.

This approach aligns with the guidelines set forth in Normative Instruction
IN74/2023, which allows for periodic reassessment and adjustment of environ-
mental measures throughout the implementation of Intervention Plans. The reg-
ulation also mandates five-year reviews for long-term actions, directly supporting
the iterative and flexible nature of Adaptive Management recommended by ITRC

for complex contaminated sites.

4.2. Definition of Objectives for Areas of Environmental Interest

The proposed strategy for the rehabilitation and environmental recovery of sites
impacted by coal mining in Santa Catarina is outlined in Table 1. This structured
framework presents a phased approach, defining both interim and final objectives
that range from eliminating acute risks to public safety and human health to
achieving full environmental recovery and preparing the site for future use.
Timeframes vary from months to decades, depending on the technical and non-
technical complexities of each site. Actions are grounded in human-health and eco-
logical risk assessments and involve remediation, engineering, institutional and
monitoring measures. The strategy emphasizes immediate risk mitigation while
laying the foundation for long-term sustainability and ecological restoration.

The primary goal in contaminated coal mining areas is to achieve environmen-
tal rehabilitation tailored to the site’s declared future use. This rehabilitated con-

dition may differ from the original pre-mining state but must ensure safety and

Table 1. Proposed interim and final objectives for the rehabilitation and environmental recovery of the contaminated sites related

to coal mined areas in Santa Catarina.

Interim Objective Final Objective Deadline Base of Actions Activities
Application of
1. Elimination of risk to the Month Assessment of sources p,p . d
Titati onths engineering an
safety of the population Rehabilitation for the of risks o & ) &
declared future use of the institutional measures
2. Elimination or mitigation of soil Human health risk

risks to human health

3. Elimination or mitigation of
ecological risks

4. Elimination or mitigation of
risks considering legal

Months to Years L .
assessment Investigation activities to

improve the conceptual
Ecological risk P . .p
model; remediation,
assessment X
containment,

Environmental : : T
engineering, institutional

Years to Decades Legal Standards and g 8

Recovery and monitoring

background
standards and natural & . measures
. concentrations
background concentrations
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suitability for future use. These standards are consistent with the guidelines es-
tablished in the Technical Criteria document [21] and CONAMA Resolution
420/2009.

In this context, rehabilitation refers to intervention actions aimed at achieving
tolerable risk levels for the declared or intended use of the area [11]. Remediation
is one such intervention, involving techniques to remove contain or reduce con-
taminant concentrations to acceptable levels. These actions are prioritized based
on risk assessments that quantify threats to human health, species, communities
or ecosystems. Risk assessment thus serves as the principal tool for determining
the scope and timing of remediation, helping to define the limits of rehabilitation.
In cases where remediation alone is insufficient to meet environmental goals, in-
stitutional measures are applied to distance receptors from impacted media.

Environmental liabilities in the region vary in complexity. Less complex areas
are expected to reach rehabilitation goals more quickly, while complex sites re-
quire an adaptive management approach. The greater the complexity, the more
time and resources are needed to refine the Conceptual Site Model (CSM), which
underpins all intervention planning. These models must define both final and in-
termediate objectives. After implementing intervention measures, various envi-
ronmental media are monitored. If goals are not met within reasonable timeframes,
the CSM is updated to support new actions.

Given the prevalence of complex contamination scenarios, it is essential to es-
tablish a prioritization of intermediate objectives to progressively enhance safety.
The proposed hierarchy is as follows: 1) Elimination of acute hazards to life or
health; 2) Elimination or mitigation of risks to human health; 3) Elimination or
mitigation of ecological risks; and 4) Elimination or mitigation of risks based on
legal standards and natural geochemical background concentrations (for surface
and groundwater).

Each site will be evaluated using these criteria to define progressive objectives
for the relevant media (soil, water, air, sediments and food). The highest priority
involves short-term actions to eliminate acute hazards, while achieving compli-
ance with legal standards is a long-term goal.

To illustrate the proposed prioritization logic, consider two hypothetical sites:
Site A is located near a rural community reliant on groundwater for domestic use,
while Site B lies within a decommissioned industrial zone with no immediate hu-
man receptors. Applying the risk-based scoring criteria, Site A would receive a
higher priority due to direct exposure pathways and potential health risks, trig-
gering immediate containment and stakeholder engagement measures. Site B,
with lower immediate risk, would be scheduled for further investigation and long-
term planning. This approach enables targeted resource allocation and enhances
protection of vulnerable populations.

This strategy is aligned with Normative Instruction IN74/2023, which requires
acute hazard assessments for each area of environmental interest during CSM re-

finement. If such hazards are identified, emergency interventions must be imple-
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mented to remove receptors from acute exposure scenarios, such as flammable
materials or inadvertent recreational use of acidic waters.

These assessments and corrective actions should be executed promptly upon
hazard identification. Possible measures include emergency remediation (re-
moval, containment or reduction of contaminants), engineering solutions and in-

stitutional actions to isolate receptors and communicate risks.

4.3. Risk Assessments

Human health risk assessments must be conducted for all areas of environmental
interest in southern Santa Catarina, in accordance with item 6.4.2 of Normative
Instruction IN74/2023 (IMA-SC) and the provisions of CONAMA Resolution No.
420/2009. These assessments serve as the foundation for defining risk-based re-
mediation goals for all identified receptors and affected environmental media, in-
cluding soil, water, air, sediments, and food, at designated compliance points. The
selection of environmental chemicals of interest should be based on the results of
investigations carried out during the refinement of the Conceptual Site Model
(CSM).

To ensure the accuracy and relevance of these assessments, each area must un-
dergo detailed and updated mapping of receptors, including the registration of
tubular wells and cisterns. This information is essential for characterizing expo-
sure pathways and determining the intensity of human health risks.

Intervention actions (whether remediation, engineering, or institutional
measures) must be described in the Intervention Plan, prioritized according to the
severity of identified risks and implemented accordingly. Where applicable, re-
mediation goals should also be defined based on ecological risk assessments, par-
ticularly in areas located near Conservation Units of significant environmental
relevance, such as the Morro Albino and Estevdo Environmental Protection Areas
(APA) in the municipality of Criciima.

These procedures ensure that both human health and ecological integrity are
considered in the decision-making process, reinforcing the adaptive and risk-
based approach proposed for managing environmental liabilities in coal mining

regions.

4.4. Compliance with Legal Standards and Background
Concentrations in Water Resources

Brazil currently lacks federal legislation specifically addressing the rehabilitation
and remediation of contaminated areas. Among all states, only Sdo Paulo has de-
veloped a comprehensive legal framework and accumulated significant experience
in managing such sites. In contrast, most other states operate with limited regula-
tory instruments and institutional capacity. Although Bill No. 2732/2011 seeks to
establish national guidelines, it remains under review in the federal legislative
chambers.

As aresult, regulation in this field is primarily administrative, relying on reso-
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lutions and normative instructions issued by environmental agencies, such as
those previously discussed in this study.

Within this context, item 6.4.2.1 of Normative Instruction IN74/2023 (IMA-
SC) establishes that potential risks in contaminated areas can be identified when
substances of interest exceed applicable legal standards for surface and ground-
water. These exceedances characterize the respective media as receptors of poten-
tial contamination.

For surface waters, CONAMA Resolution No. 357/2005 [22] defines quality
standards based on watercourse classification, aiming to protect natural ecosys-
tems, particularly those within Permanent Preservation Areas. For groundwater,
potability standards are defined by Ordinance No. 888/2021 [23] and CONAMA
Resolution No. 396 [24], which set maximum permissible concentrations for
chemical parameters at compliance points. IN74/2023 further clarifies that
groundwater ingestion risks exist when substances of interest exceed potability
limits in wells, springs or monitoring points.

However, in mining areas, natural geochemical conditions may result in back-
ground concentrations of certain substances that exceed these legal thresholds. In
such cases, site-specific standards, based on statistical geochemical background
studies, may be adopted in place of the default federal criteria. This flexibility is
essential for ensuring that remediation goals are technically feasible and environ-
mentally meaningful.

In general, legal standards for water quality are highly conservative, often re-
quiring very low contaminant concentrations. Achieving these targets can de-
mand long timeframes and substantial technical and financial resources, even in
areas with relatively low contamination complexity. For this reason, it is not rec-
ommended to prioritize legal compliance goals in the initial stages of remediation.
Instead, a phased approach should be adopted, focusing first on acute risk mitiga-
tion and progressively refining conceptual models to guide long-term interven-
tions. The effectiveness of these measures should be evaluated through extended
monitoring programs.

This perspective contrasts with the Technical Criterion established by the GTA
in its 30th meeting (September, 2017), which mandates a four-year post-recovery
monitoring period for surface waters. If water quality does not meet upstream
reference levels, corrective actions must be taken, or monitoring extended to eight
years if declining trends are observed. At that time, no consensus was reached
regarding groundwater criteria.

The contaminated area management approach, particularly when guided by
adaptive management principles, advocates for greater flexibility in setting time-
lines and remediation targets. These determinations should be based on site-spe-
cific conceptual models, incorporating background concentration assessments
and complexities such as commingled plumes. This methodology is supported by
technical and legal references, including research from centers of excellence (e.g.,
ITRC), CONAMA Resolution No. 420/2009, and IN74/2023 (IMA-SC).
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4.5. Definition of Compliance Points

According to Normative Instruction IN74/2023 (IMA-SC), Compliance Points
are monitoring locations situated near receptors potentially exposed to contami-
nants, where concentrations in various environmental media, such as soil, water,
air, sediments, and food, must meet established environmental goals. These points
serve as benchmarks for evaluating whether remediation and management efforts
are effectively protecting human health and ecological integrity.

Intermediate monitoring locations between the source of contamination and
the receptors are referred to as Sentinel Points. These are instrumental in identi-
fying concentration trends and assessing the effectiveness of intervention measures
over time.

The definition and spatial distribution of both Compliance and Sentinel Points
must be guided by detailed environmental investigations and risk assessments.
Monitoring points should be strategically placed along the pathway from contam-
ination sources to receptors, enabling a comprehensive understanding of expo-
sure dynamics.

From a technical standpoint, it is acceptable to observe less restrictive contam-
inant concentrations near source areas, while applying more stringent environ-
mental targets at Compliance Points. This gradient reflects the prioritization cri-
teria discussed earlier, where risk mitigation is progressively reinforced as prox-
imity to receptors increases.

Importantly, the proposed environmental management strategy supports the
gradual reduction of contaminant concentrations over time at both Compliance
and Sentinel Points. This progression should be pursued regardless of fixed dead-
lines for achieving final remediation goals, emphasizing the adaptive nature of the

approach and its alignment with long-term sustainability objectives.

4.6. Impacted Area Recovery Strategies

The recovery strategy for areas impacted by coal mining should be structured
along two complementary fronts. The first involves evaluating the environmental
effectiveness of previously implemented interventions. The second focuses on
planning and executing new remediation and engineering measures, to be detailed
within a formal Intervention Plan.

In all cases, whether interventions have been completed or are ongoing, a mul-
tidisciplinary evaluation is essential. Teams should assess the specific conditions
of each site to determine whether environmental objectives have been met,
whether the current strategy remains appropriate, and whether adjustments are
needed. These assessments must be grounded in accumulated technical experi-
ence and site-specific data.

To ensure a comprehensive evaluation, the following professional contribu-
tions should be considered: 1) Geotechnical engineers, to assess the structural sta-
bility of waste deposits and identify the need for maintenance or reinforcement

measures; 2) Geologists, to evaluate subsidence risks and geological integrity; 3)
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Geochemists, to analyze the effectiveness of interventions in reducing acid mine
drainage generation; and 4) Biologists, to monitor vegetation development and its
role in stabilizing soils and mitigating acid generation.

This integrated approach reinforces the principles of adaptive management, al-
lowing for iterative refinement of strategies based on observed outcomes. It also
ensures that recovery efforts are technically sound, environmentally effective and

aligned with long-term sustainability goals.

4.7. Intervention and Remediation Plans

According to Normative Instruction IN74/2023 (IMA-SC), the Intervention Plan
must encompass all techniques (remediation) and measures (engineering and in-
stitutional controls) necessary to enable the future use of environmentally im-
pacted areas. These plans must be aligned with the environmental objectives and
goals defined for each area of interest.

The regulation establishes specific requirements for coal mining areas, stipulat-
ing that remediation measures (aimed at controlling or eliminating primary con-
tamination sources) must be selected based on bench-scale and pilot tests. The
chosen techniques must be described in detail, including their sizing, implemen-
tation procedures and performance evaluation criteria [12] (item 6.4.5.1). Inter-
vention measures are categorized by duration: short-, medium- and long-term
(exceeding five years). For long-term measures, periodic reviews every five years
are required to assess the feasibility of meeting the objectives outlined in the In-
tervention Plan. This cyclical review process is consistent with the adaptive man-
agement framework proposed in this study.

All selected measures must be technically justified and thoroughly documented
in the Intervention Plan. Remediation techniques should prioritize two overarch-
ing goals: 1) reducing or isolating primary contamination sources, and 2) mini-
mizing or eliminating acid drainage generation in both surface water bodies and
aquifers. Several best practices for controlling acid mine drainage have already
been identified and are available for application in coal mining areas of Santa Ca-
tarina, as documented in international technical guides such as the Mining Waste
Treatment Technology Selection [25] and the Global Acid Rock Drainage Guide
[20].

Significant contributions to this knowledge base were made through interna-
tional cooperation agreements, notably those involving JICA and CETEM-
CANMET during the 1990s and 2000s. These initiatives provided technical foun-
dations for a range of engineering solutions applicable to environmental recovery
and acid drainage control.

Conventional engineering solutions that should be considered in Intervention
Plans include: 1) Alternatives for economic coal utilization with reduced solid
waste generation; 2) Physical stabilization of waste disposal areas and abandoned
mines; 3) Chemical stabilization of contaminants; 4) Construction of drainage

systems to prevent water contamination or untreated discharge, including tech-
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niques such as wet and dry covers, passive treatment systems, waste isolation,
mine sealing, and chemical or biological treatment of acidic waters; and (5) Land-
scape recovery through regrading and revegetation.

Despite the availability of established techniques, there remains ample oppor-
tunity for scientific research aimed at developing innovative and cost-effective re-
mediation solutions tailored to the local geographic context. For example, pilot
tests could explore the use of regional resources (such as rice straw and livestock
residues) as organic matter sources to create anoxic subsurface environments that
inhibit acid drainage formation. Steelmaking by-products (e.g., steel slag) could
be evaluated as alkaline materials in passive treatment systems, and native plant
species could be tested for phytoremediation potential.

Such research initiatives, integrated into pilot-scale remediation efforts, would
contribute to expanding the technical toolkit for managing environmental liabili-
ties in coal mining areas and reinforce the adaptive, site-specific nature of the pro-
posed management strategy.

Despite the structured nature of the proposed intervention plans, certain limi-
tations must be acknowledged. The current groundwater monitoring network
lacks sufficient spatial coverage to support basin-wide assessments. Additionally,
scaling the model to the full 900,000 ha area introduces uncertainties related to
geological variability, data availability and institutional capacity. These constraints
highlight the need for iterative planning and ongoing refinement of remediation

strategies.

4.8. Communication with Stakeholders

According to the procedures outlined in Normative Instruction IN74/2023 (IMA-
SC), public authorities must establish risk communication mechanisms that are
appropriate to the diverse profiles of stakeholders, ensuring clarity and accessibil-
ity, particularly for socially and environmentally vulnerable groups. This require-
ment includes the formal registration of contaminated areas and the implementa-
tion of inclusive communication strategies.

In the context of coal mining, a specific communication plan should incorpo-
rate public hearings integrated into the activities of the Technical Monitoring
Group (GTA), as well as the dissemination of information through public Geo-
graphic Information Systems (GIS). These platforms should detail environmental
impacts such as river acidification and restrictions on the use of wells, enabling
transparent and accessible dialogue with affected communities.

An effective communication strategy plays a critical role in facilitating public
understanding, advancing environmental recovery plans and minimizing risks
and conflicts arising from misinformation or lack of engagement. International
experience reinforces this need: in the United States, the Interstate Technology &
Regulatory Council [2] found that institutional control measures failed in 41% of
cases due to ineffective stakeholder communication. While 90% of former prop-

erty owners had access to relevant information, only 43% of new owners and 20%
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of tenants or adjacent neighbors were adequately informed.

Risk communication must be tailored to the specific context of each area, con-
sidering the diversity of stakeholders, their relationships, and levels of under-
standing. Ideally, these factors should be evaluated in advance to optimize the fo-
cus of communication efforts and reduce the likelihood of misunderstandings.

To ensure consistency and effectiveness, communication strategies should be
formalized within a dedicated Communication Plan. This plan should include: 1)
Contextual analysis of the area and stakeholders; 2) Clear objectives and expected
outcomes; 3) Identification of responsible parties; 4) Selection of tools and com-
munication channels; 5) Implementation schedule; and 6) Methods for evaluating
effectiveness (quantitative and qualitative).

The success or failure of communication efforts can be measured through both
technical indicators and social feedback. As emphasized by ITRC [26], “the heart
of good risk communication is building trust among all, so that it is readily un-
derstood, for the public to make informed choices”.

The proposed GIS-based communication tools should be anchored to tangible
data layers, including groundwater monitoring points, land-use zoning maps, and
environmentally restricted areas. This integration enhances transparency by al-
lowing stakeholders to visualize contamination risks, remediation progress and
decision-making criteria in a spatially explicit format, thereby fostering trust and

accountability.

4.9. Institutional Control Measures and Long-Term Monitoring

The procedures for managing contaminated areas, as defined in Normative In-
struction IN74/2023 (IMA-SC), establish that environmental monitoring must be
conducted across distinct stages. These include: 1) Evaluation of the efficiency and
effectiveness of remediation measures; 2) Assessment of the performance of insti-
tutional and engineering control measures; and 3) Monitoring of post-remedia-
tion conditions to support rehabilitation.

Following these monitoring activities, the responsible party may request the is-
suance of the Rehabilitation Term for Declared Use/Closure from the environ-
mental authority (IMA). This request must be substantiated by the results of mon-
itoring and by demonstrated compliance with all stages of the contaminated area
management process. The Rehabilitation Term must also include a description of
the engineering and institutional control measures to be maintained, along with
the corresponding long-term monitoring plan. This instrument provides legal
certainty for the closure of environmental obligations while ensuring continued
oversight where necessary.

In cases where institutional control measures must remain in place, the request
must be accompanied by a new proposal detailing their location, duration of appli-
cation, and the associated monitoring procedures. The Rehabilitation Term must
explicitly include this information to ensure transparency and enforceability.

This framework is particularly relevant for coal mining areas, where complete
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remediation may not be technically feasible or economically viable. In such con-
texts, long-term management and monitoring become essential to safeguard hu-
man health and environmental integrity. The approach outlined in IN74/2023 en-
ables the productive reuse of impacted areas while maintaining appropriate envi-
ronmental controls, aligning with the principles of adaptive management and

risk-based decision-making.

5. Conclusions

The analysis of the state of the art in environmental management of mined areas
reveals a growing convergence between international best practices and the meth-
odologies used for managing contaminated sites. Central to this convergence is
the emphasis on developing robust Conceptual Site Models (CSMs) and conduct-
ing ecological and human health risk assessments as prerequisites for designing
effective intervention plans. These elements are essential for guiding the recovery
of both physical and biotic components of degraded environments.

In the case of coal mining areas in Santa Catarina, the environmental liabilities
are extensive, complex, and distributed across multiple sites and responsible par-
ties. These areas involve numerous potential receptors and require long-term
management strategies. Given the limitations of current technical criteria and the
diversity of contamination scenarios, the adoption of new approaches that incor-
porate sustainability principles and adaptive management is both necessary and
urgent.

The proposed framework, centered on Adaptive Management, is particularly
suited to mining sites classified as Complex Areas, where technical and institu-
tional uncertainties hinder the achievement of conventional remediation goals.
This methodology allows for iterative refinement of strategies, integration of mul-
tidisciplinary knowledge and prioritization of actions based on risk and feasibility.

From a social perspective, the adoption of this approach has the potential to
influence public authorities in the development of new environmental policies tai-
lored to complex contaminated areas. This represents an unprecedented advance-
ment in the management of mined lands in Brazil and could serve as a model for
other mining regions across the country.

From an economic standpoint, Adaptive Management offers a more sustainable
pathway for addressing long-term environmental liabilities. It enables more real-
istic financial planning, legal accountability and resource allocation, especially in
contexts where full remediation is not immediately feasible.

In terms of practical contributions, the implementation of this strategy, sup-
ported by IN74/2023 and CONAMA Resolution 420/2009, can generate technical
references applicable to similar cases. The development of geochemical back-
ground studies, for instance, may result in site-specific standards that inform fu-
ture remediation efforts in other Brazilian mining areas.

Looking ahead, the proposed model opens avenues for scientific research, tech-

nological innovation and institutional strengthening. Pilot projects involving al-
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ternative remediation techniques, stakeholder engagement plans, and long-term
monitoring frameworks can serve as laboratories for refining the approach. More-
over, the integration of public Geographic Information Systems (GIS) and trans-
parent communication mechanisms will be essential for building trust and ensur-
ing accountability.

In summary, the proposed strategy not only addresses the immediate challenges
of coal mining liabilities in Santa Catarina but also lays the groundwork for a
broader transformation in environmental governance, with implications for pol-

icy, practice, and public engagement across Brazil.
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