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A B S T R A C T

The application of sustainability principles to mining activities remains challenging. Explorations of non-
renewable natural resources are irreversible; however, they can be better compensated for if the profit result-
ing from extraction is reinvested in social and human well-being and if environmental impacts are repaired. Thus,
the evaluation of mining sustainability is necessary and requires efficient indicators to measure economic, social,
and environmental performance. Here, we present the composite environmental sustainability index [CESI] of the
landscape for iron mines in the Caraj�as National Forest, a protected site in the Brazilian Amazon. The index in-
tegrates 20 individual environmental indicators related to (1) changes in land cover and land use, (2) direct
impacts caused by operations, (3) residue disposal and management, (4) energy, water, and soil resources, and (5)
compensation for environmental damage. To define the threshold values for classifying individual indicators, we
use legal requirements, data from the literature and historical time series. The values obtained for each of the
individual indicators were normalized in terms of linguistic criteria, such as unsustainability (1), low sustain-
ability (2) and high sustainability (3). The sustainability index of each of the five categories was calculated and
based on these values, we computed the CESI of the physical mining environment. The values presented here
represent baselines for further monitoring and evaluating the sustainability of the physical environment, guar-
anteeing iron ore exploitation in Caraj�as mining region with minimum environmental impacts. The proposed
index can indicate a path towards environmental sustainability, especially in protected areas.
1. Introduction

In the publication “The Limits to Growth”, the Club of Rome first
revealed to society concerns about reconciling long-term economic
growth and efficient protection of the environment and natural resources
(Meadows, 1972). Ten years later, the concept of sustainability officially
emerged in the World Charter for Nature (UN, 1982), which expressed
the apprehensions of environmentalists regarding the future of the planet
at the zenith of industrial development. The Brundtland Report entitled
“Our Common Future” (Brundtland, 1987) defined sustainability as
“development that meets the needs of the present without compromising
le. Bel�em, Par�a, Brazil.
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the ability of future generations to meet their own needs”. In 2015, the
United Nations (UN) and the Paris Agreement on Climate Change
adopted the 2030 Agenda for Sustainable Development, with its 17
sustainable development goals (SDGs). These agreements aimed to
reduce poverty and spur economic growth while tackling climate change
and preserving oceans and forests.

Many sustainable development indicators (SDIs) have been defined to
measure the progress of the mining industry in relation to the SDGs (H�ak
et al., 2016); however, the application of sustainability principles to
mining activities remains challenging (Gorman and Dzombak, 2018).
The reason is that mining represents the act of removing and consuming
ho).
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limited resources, which is incompatible with the vision of sustainability
in (Brundtland, 1987). To overcome this irreversible loss, the profit
resulting from extraction needs to be reinvested in social and human
well-being, and environmental impacts must be repaired. Therefore,
recent definitions consider sustainability at the intersection of the social,
economic, and environmental spheres, making development possible
(economic-environmental), equitable (economic-social), and viable
(environmental-social) (UN, 2012).

Thus, it is necessary to minimize environmental impacts achieve
mining sustainability (Gastauer et al., 2018). To that end, mining oper-
ations adopt no net loss policies (Gastauer et al., 2012) as proposed by the
mitigation hierarchy, which requires avoiding and minimizing unnec-
essary impacts (mitigation), repairing unavoidable impacts (reclamation,
rehabilitation or restoration) and offsetting unrepairable impacts
(compensation) (Arlidge et al., 2018). Several organizations, such as the
International Council on Mining and Metals (ICMM, 2006) and the
Global Reporting Initiative (GRI, 2013), as well as SDGs in mining
(Sonesson et al., 2016) have emerged to guide the transition of the sector
towards sustainability. These initiatives increase the benefits and
competitive advantage of all enterprises that adopt the SDGs in their
operations, highlighting the awareness in the mining industry that the
exploitation of natural resources must not occur at the expense of envi-
ronmental, social, or economic intactness. Therefore, mining companies
have collaborated with government sectors to conserve protected areas
Fig. 1. Location map of the study area. A) Itacaiúnas River basin (IRB). B) Land cove
iron mining complex.
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and with civil society organizations to support the provision of collective
goods (Martins and Mendonça, 2014). The emerging sustainability de-
partments in many companies have shifted the idea of sustainability to
the centre of the mining business in the 21st century (Mudd, 2010).
Hence, the mining industry has an unprecedented opportunity to mobi-
lize societal, physical, technological and financial resources to advance
towards meeting the SDGs (Sonesson et al., 2016).

However, SDIs must be selected, revisited and refined based on a
coherent framework (Singh et al., 2012) because the dimensions of sus-
tainable development (SD) are almost immensurable (B€ohringer and Joc-
hem, 2007). To become a more powerful process and to satisfy
fundamental scientific requirements, it is necessary to assess this question
based on three central steps of index definition: normalization to make
data comparable, weighting to specify the correct interrelationships, and
aggregation to obtain the right functional relationship (Nardo et al., 2005).
Even when maintaining this scientific rigor, the choice of variables,
normalization methods and weightings will generally be related to sub-
jective judgements, in contrast to meaningful aggregation methods for
these variables, without normalization (Ebert and Welsch, 2004).

Evaluating mining sustainability requires efficient and measurable
indicators for measuring the individual economic, social, and environ-
mental performance of a mining company to provide information on how
it contributes to SD (Azapagic, 2004). There are several initiatives for
establishing quantitative indicators for measuring the sustainability of
r and land use map of the Caraj�as National Forest (CNF). C) Details of the N4-N5
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mining activity, whether on a national scale (Dialga, 2018; Zvarivadza,
2018) or on a local scale (Marnika et al., 2015; Worrall et al., 2009).

In this study, we aim to measure the sustainability of the physical
environment of iron ore mining operations in the Caraj�as National Forest
(CNF), a protected area in the eastern Amazon, Brazil, to quantify the
general impacts of such operations. We focus on the physical environ-
ment given the availability of indicators obtained by remote sensing
approaches or additional data that are usually surveyed to address
environmental liability. From the perspective of SD in mining, we
develop the composite environmental sustainability index [CESI] of the
physical mining environment, composed of indicators related to (i)
changes in land cover and land use, (ii) direct impacts caused by mining
operations, (iii) residue disposal andmanagement, (iv) energy, water and
soil resources, and (v) compensation for environmental damage. This
index is designed as a baseline for ongoing mining activities in the region
(Mota et al., 2017), enabling further comparison with mining operations
from more distant regions and application to similar projects, especially
in protected areas.

2. Materials and methods

2.1. Study site

This study was conducted out in the world’s largest opencast iron ore
mines, situated in the CNF, a protected area in the eastern Amazon, Brazil
(Fig. 1). Considering the geological and environmental specificities of the
CNF, the management plan of this protected area allows mining activities
despite its protection status, as in 33 additional protected areas of sus-
tainable use in the Brazilian Amazon (Ricardo and Rolla, 2006). Pro-
tected areas encompass 28% of the area of the Amazon biome and have
an important role in reducing Amazon deforestation (Soares Filho, 2016),
although their contribution to the total deforestation of the Amazon had
recently increased (Araújo et al., 2017).

The CNF is located in the Itacaiúnas River basin (IRB) and accom-
modates the world’s largest reserves of high-grade iron ore. The IRB
occupies an area of 41,300 km2 (Fig. 1a), of which 51% has already been
deforested; 70% of the remaining forest areas are located inside a mosaic
of protected areas and indigenous areas (Souza-Filho et al., 2016). The
Fig. 2. Theoretical framework for the construction of the composite environmental
(Dialga, 2018)).
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main cause of deforestation is cattle raising. The iron mining activities
occurring in the CNF (Fig. 1b) are responsible for changes in land cover
and land use, and natural vegetation formations have been suppressed
(Souza-Filho et al., 2019), including evergreen or semi-deciduous forests
and the Amazonian canga of Caraj�as (Devecchi et al., 2020). The surface
of the land is remodelled for the construction of mining infrastructure,
such as tailings ponds, mine pits, waste piles, access roads, offices, and
even urban centres (Fig. 1c). To regulate mining and further economic
activities, the management plan of the CNF (MPCNF) establishes zones
for mining, different forms of extractive activities and conservation
(Gonçalves, 2016a, b).

The mining areas are inserted in the context of the dissected plateau
carved out of Archean rocks (Grainger et al., 2008), known in the region
as Serra dos Caraj�as (Caraj�as Ridge). The Caraj�as Plateau is located in the
centre of the Itacaiúnas watershed (IRW) (Fig. 1a), and its main segments
are the North and South Ridges (Fig. 1b). The tops of plateaus feature
laterites, haematite breccia and conglomerates that occur at elevations
ranging from 500 m to 904 m (Pil�o et al., 2015). Iron ore mining projects
started in the early 1980s on the North Ridge (Tolbert et al., 1971), when
the iron ore N4-N5 mining complex was established (Fig. 1c). Therefore,
a mining activities plan was defined in the Caraj�as region almost 20 years
before the creation of the CNF. Compared to the original mining plan, the
MPCNF restricted the mining area. At the same time, the main iron ore
targets were kept as mining sites (Gonçalves, 2016a).

2.2. Individual indicators for assessing the sustainability of the physical
mining environment

Azapagic et al. (2004), Marnika et al. (2015) and the GRI (2013) have
proposed different categories of indicators for the mining and minerals
industry. In this paper, we selected five aspects of the physical environ-
ment related to iron ore mining activities in CNF protected areas for
evaluation: (1) changes in land cover and land use, (2) direct impacts
caused by mining operations, (3) residue disposal and management, (4)
energy, water, and soil resources, and (5) compensation for environ-
mental impacts.

The environmental indicators were defined basically from four
criteria: the selection of SDIs tried to reflect the entire holistic nature of
sustainability index [CESI] of the physical mining environment (adapted from



Table 1
Definition, importance, computation reference and threshold values for 20 indicators used to assess sustainability of the physical mining environment. HS has high
sustainability, LS has low sustainability, and the US is an unsustainable mining practice. (3), (2), and (1) are normalized values for sustainability status. CNF is the
Caraj�as National Forest (Gonçalves, 2016a, 2016b), US is unsustainable, MS is moderate sustainability, and HS is high sustainability.

Indicator Definition Equation Parameter(s) HS (3) LS (2) US (1) Data source and
sample size

1. Changes in land cover and land use
I1.1 Percentage of

deforested area in CNF
Ad

ACNF
�100 Ad: deforested area within CNF

[km2],
<10.3% 10.3–20.5% >20.5% Souza-Filho et al.

(2018), 2017 satellite
imageACNF: area of CNF [km2]

I1.2 Percentage of
deforested area for
mining activities in CNF

Am

ACNF
�100 Am: total mine area [km2] <7.0% 7.0–14.0% >14.0% Souza-Filho et al.

(2018), 2017 satellite
image

ACNF: area of CNF [km2]

I1.3 Density of native
vegetation fragments in
the landscape

Nf

ACNF

Nf: number of vegetation
fragments,

<0.01 0.01–0.10 >0.10 Souza-Filho et al.
(2018), 2017 satellite
imageAp: protected area [km2]

I1.4 Density of roads within
the CNF

Lr
ACNF

Lr: extension of roads, <0.06 0.06–0.37 >0.37 Souza-Filho et al.
(2018), 2017 satellite
image

Ap: protected area [km2]
2. Impacts caused by operation
I2.1 Particle emission – Mean annual suspended particle

emission [μg/m3]
<60 μg/m3 60–80 μg/m3 >80 μg/m3 Vale (unpublished

data); annual monthly
average (2017)

I2.2 Distance between
mining sites and
communities

– Minimum distance between mining
site and urban areas [km]

>0.45 km 0.11–0.45 km <0.11 km Souza-Filho et al.
(2018), 2017 satellite
image

I2.3 Visibility of mining sites
from settlements and
cities

– Visibility of mining sites Not visible Little visible Highly visible Field survey in 2017

3. Residue disposal and management
I3.1 Stripping ratio (ratio

between waste and iron
ore)

Vw

Vm

Vw: volume of waste deposited, <0.57 0.57–0.98 >0.98 Vale (unpublished
data); annual monthly
average (2017)

Vm: volume of mined ore

I3.2 Risk assessment of
tailing dams

– Brazilian dam classification due to
associated potential damage
(maximum value for the facilities
inside CNF)

No or small
tailings, tailings
with low risk

Higher risk is
moderate

Higher risk is
high

DNPM (2017)

I3.3 Potential damage from
tailing breaks

– Brazilian dam classification of
associated potential damage of dam
break. CNRH n. 143 de 2012 e
DNPM 70389 de 2017.

No or small
tailings, tailings
with low potential
damage

Higher potential
damage is
moderate

Higher
potential
damage is
high

DNPM (2017)

I3.4 Ratio of plant gross
mine production

Pg

Prom
Pg: gross production of processing
plant

>0.9 0.7–0.9 >0.7 Vale (unpublished
data); annual monthly
average (2017)Prom: mine production (run of

mine)
4. Resource efficiency
I4.1 Total energy

consumption per
produced unit of ore

E
Pm

E: energy consumption (MWh), <2500 MWh/
Mton

2500-3000
MWh/Mton

>3000
MWh/Mton

Vale (unpublished
data); annual monthly
average (2017)

Pm: annual iron ore production
(Mton)

I4.3 Percentage of reused
water in the mining
process

Wr

Wr þWw
�100 Wr: reused, recycled, and use of

drainage water
>66% 33–66% <33% Vale (unpublished

data); annual monthly
average (2017)Ww: annual catchment of new

water
I4.4 Water quality index – Percentage of creeks and rivers

with good or excellent water
quality

>90% 70–90% <70% Sahoo et al. (2019),
2017 field survey

I4.5 Soil quality index – Percentage of soils samples with
high or excellent soil quality

>90% 70–90% <70% Sahoo et al. (2020),
2017 field survey

5. Compensation of environmental impacts
I5.1 Compensation of

deforestation by
restoration outside CNF

Aref

Ad

Aref: reforested areas outside CNF
(km2),

>2 2-1 <1 Souza-Filho et al.
(2018), 2017 satellite
imageAd: deforested areas within CNF

(km2)
I5.2 Compensation of

deforestation by
protected areas outside
CNF

Ap

Ad

Ap: permanently protected areas
outside CNF due to environmental
compensation (km2),

>2 2-1 <1 Souza-Filho et al.
(2018), 2017 satellite
image

Ad: deforested areas within CNF
(km2)

I5.3 Carbon balance ECO2 � SCO2 ECO2: CO2 emissions by operation
(Mton),

�0 – >0 Vale (unpublished
data); annual monthly
average (2017)SCO2: CO2 sequestration in

revegetated areas (Mton)
I5.4 Percentage of

revegetated mine land
Arev

Am
�100 Arev: revegetated areas in the mine, <5% 5–20% >20% Souza-Filho et al.

(2018), 2017 satellite
image

Am: mine area
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the sustainability of the physical mining, data availability and use, the
spatial and temporal scales, and the possibility of indicator aggregation.
Hence, twenty indicators were retrieved from primary data (collected in
the field or from the interpretation of satellite images) and secondary
data (reports and national statistics) for 2017 to provide the CESI of the
physical mining environment in Caraj�as iron ore mines. We defined 2017
as the baseline reference for comparison of future mining activities in the
region due to the revision of the MPCNF that occurred in 2016. In this
document, the Brazilian Institute for Environment established new legal
milestones for mining inside the CNF (Gonçalves, 2016a, b). All of our
indicators were defined in terms of contiguous geography based on local
(e.g., mining sites in the context of the CNF) and regional spatial scales
(e.g., the CNF in the context of the IRB).

It is necessary to normalize individual indicators to construct com-
posite indices (Dialga, 2019), with the aim of standardizing the units of
measurement of individual indicators to allow integration in the next
step. We used three categorical scales (scored from 1 to 3) to normalize
the indicators, as indicated in Table 1. Because most of the indicators
vary widely for each commodity, the thresholds of each category were
established according to regulatory frameworks such as the MPCNF
(Gonçalves, 2016a, b), scientific articles (Marnika et al., 2015; Salom~ao
et al., 2018), and historical data series or in comparison with the average
values for protected and non-protected areas in the region (Table 1). The
values obtained for each of the individual indicators were normalized in
terms of linguistic criteria, such as unsustainability (1), low sustainability
(2) and high sustainability (3). The sustainability index of each of the five
categories was calculated as the geometric mean of the normalized values
of their indicators, considering equivalent weighting since there are no
statistical or empirical grounds to recognize different statuses of the in-
dicators. Based on these values, we computed the CESI of the physical
mining environment as the geometric mean value from the aggregation
of the five categories.
Fig. 3. LULC classification and mining dams inside the CNF. Roads, railways, protect
(IRB). Cu ¼ copper, Fe ¼ iron, Mn ¼ manganese, and Au ¼ gold. (For interpretation o
version of this article.)
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Therefore, this model is based on a top-down methodology, where all
indicators and their threshold values, normalization, weighting and ag-
gregation were defined by academics, without consulting stakeholders
from the corporate and operational divisions of mining companies or the
affected civil society. Fig. 2 presents the framework of the five categories
of environmental indicators used to construct the CESI. The full list of
categories, the individual environmental indicators, the definitions,
equations, parameters, and rules of indicator normalization and the data
source are presented in Table 1.

Group 1. Changes in land cover and land use
Changes in land cover and land use reflect the interaction between

economic development and biodiversity conservation (Tesfaw et al.,
2018). Habitat loss and fragmentation are widely recognized as a major
cause of biodiversity loss (Groombridge, 1992). In addition to direct
habitat loss, deforestation can cause alterations in climate, water balance
and other disturbances (Souza-Filho et al., 2016), with a loss of
ecosystem services (Ellison et al., 2017). Indicators I1.1 and I1.2 repre-
sent the total deforestation in the preserved area and the deforestation for
mining facility installation, respectively. Under the MPCNF, 20.5% of
this protected area consists of zones where human activities can be
developed, and 14% consists of zones reserved for mining activities
(Gonçalves, 2016a, b). These percentages were used as the thresholds
between low sustainability and unsustainability. These indicators were
classified as high sustainability if less than half of the land cover alter-
ation predicted in the MPCNF was already achieved. Importantly, even
before the creation of the CNF in 1998, the main sustainable use in this
protected area has been related to mining activity (Martins and Men-
donça, 2014).

Indicator I1.3 is an index of forest fragmentation that measures the
disruption of landscape continuity, increasing border effects and the
degree of isolation between populations (Metzger, 2003). The threshold
ed areas and communities are presented in the map of the Itacaiúnas River basin
f the references to colour in this figure legend, the reader is referred to the Web
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values of the classes were determined in this study, considering a single
fragment as high sustainability.

An indicator of road density inside the protected area was used (I1.4)
because roads generate edge effects beyond deforestation and fragmen-
tation, with increased susceptibility to external disturbances and impacts
on the microclimate, fauna and flora (Barber et al., 2014). Road density
was classified as high sustainability if the road density was lower than the
average value for all protected areas situated in the IRB (0.06 km/km2).
However, it was classified as unsustainable if the road density was higher
than the average value for the entire IRB (0.37 km/km2). Notably, in
other protected areas adjacent to the CNF, road density is associated with
other types of land use, such as illegal logging and pastureland expan-
sion. Hence, this indicator allowed us to compare the impact of different
land uses in distinct protected areas of sustainable use.

The forest and deforested areas inside the CNF and reference regions
were obtained using the land use/land cover (LULC) classification
(Fig. 3) for the IRB (Souza-Filho et al., 2018). The extension of roads was
manually digitalized from the Quantum GIS (QGIS) measured from 2017
Sentinel-2A satellite images.

Group 2. Impacts caused by operations
Indicator 2.1 is expressed as the number of total suspended particles

(PTS) originating from mining activities. It indirectly evaluates the
effectiveness of the measures adopted to reduce suspended particles. The
reference values of the sustainability classes are the primary (concen-
trations of pollutants that in the long term may affect the health of the
population) and secondary (concentrations of pollutants below which a
minimum adverse effect on population well-being is predicted, as well as
minimal damage to fauna and flora) standards of air quality established
by National Environmental Council (CONAMA) Resolution 003/1990
(80 and 60 μg/m3, respectively). Mining companies provided the PTS
data series.

The shortest distance between a mining area within the CNF and a
human settlement or city outside the CNF (Indicator I2.2) was calculated
using a 3D digital elevation model and LULC classification (Fig. 3). The
limits of each class were defined based on Marnika et al. (2015).

Indicator 2.3 assesses whether the mining areas are visible to the
surrounding communities. This indicator was included to consider the
visual perception of the landscape and the impact on the aesthetic value
of the forest (Svobodova et al., 2012) and cultural and traditional land-
scapes (Jones, 2003). To measure and investigate the visual perception of
mining sites by neighbouring communities, we used a 3D visualization
model of the landscape to measure the distance from the mining sites to
nearby communities. Furthermore, we checked in the field if it was
possible to view mining structures from different human settlements and
cities.

Group 3. Residue disposal and management
Depending on the depth of iron ore deposits and their geological

composition, extraction generates different amounts of waste. Mining
wastes or overburdens are waste rock overlying ore or mineral bodies.
Tailings emerge due to the separation of the fraction of valuable mineral
from the fraction of ore without economic value. The indicators in this
group include the stripping ratio, i.e., the ratio between waste and pro-
duced iron ore (I3.1); the risk assessment of tailing dams (I3.2) and the
potential damage from tailing breaks (I3.3); and the ratio of plant gross
mine production (I3.4). Vale S.A. (unpublished data) provided all in-
formation about mine and waste production for this study. Importantly,
that the ratios of I3.1 and I3.4 fall over the years, while the classification
of the risk and (I3.2) and the potential damage from tailing breaks (I3.3)
is defined by the Brazilian Mining Agency.

The 20th (0.57) and 80th (0.98) percentiles of the series of available
annual data on waste production between 1986 and 2019 were used as
thresholds for indicator I3.1. For indicator I3.4, we used the ratio of plant
gross mine production in the year preceding the year of analysis as a
reference (0.9 in 2016). An increase in the ratio was classified as high
6

sustainability. Mining companies provided both data series.
The classes of tailing dam risk assessment (I3.2 and I3.3) were

determined considering the Brazilian dam classification (DNPM 70,389/
2017). Mining dams are classified according to the risk category (RC) as
high, moderate, or low, and this classification considers the technical
characteristics of dams, their conservation status and the dam safety plan;
additionally, the associated potential damage (APD) is classified as high,
moderate, or low. For the analysis, we considered the highest risk among
all mining dams within the CNF included in the national dam registry.
The dams and their classifications are available at http://www
.anm.gov.br/assuntos/barragens/arquivos-barragens. We classified an
area as having high sustainability if there is no dam; therefore, dams not
included in the National Dam Safety Plan are not classified due to their
small size or low RC/APD. If the highest RC/APD is moderate (high), an
area is considered to have low sustainability (unsustainability).

Group 4. Resource efficiency
The indicators related to energy and water use efficiency, water reuse,

and water and soil quality are grouped in this category. The total energy
consumption per produced unit of ore was used as an indicator (I4.1) for
energy use efficiency and energy-saving practices. The reference adopted
is the value obtained in the reference year (2500 MWh/Mton in 2016). A
decrease in energy use efficiency was classified as high sustainability.

The excessive use of water resources and pollution of such resources
can affect the functioning of ecosystems and downstream water avail-
ability, which can have impacts on the quality of social and economic life.
Measures of the use of new water in the ore production process per unit
ore produced (I4.2) and the percentage of reused water (I4.3) in the
mining process were chosen as indicators of sustainable water use. Reuse
is a sustainable alternative for water supply, as the process reduces the
withdrawal of new water from the environment and reduces the volume
of generated effluent; the process also serves as a local control and re-
duces the impact of the construction of a new supply structure. The
reference values for 2016 (I4.2 ¼ 0.093 Mm3/Mton and I4.3 ¼ 66%)
were used as limits for the high sustainability class, aiming at the
continuous improvement of water use efficiency. Vale S.A. (unpublished
data) provided the values related to indicators G4-EN8 and G4-EN10 of
the GRI Sustainability Reporting Guidelines.

The water and soil quality indices are expressed as the percentage of
water and soil samples in the studied area. Good or excellent quality was
associated with the maximum and minimum limits of several quality
parameters indicated in regulatory standards. Soil quality reflects the
capacity to sustain biological productivity, environmental quality, and
plant and animal health (Karlen et al., 1997). The quality of water bodies
is determined by the interaction of water with the land use, land cover,
soils, and geology of the catchment area. We used the quality classifi-
cation of a broad analysis of soil and water bodies in the region (Sahoo
et al., 2019, 2020b). We compared the values of the water quality pa-
rameters with the threshold values (CONAMA Resolution 357/2005).
Additionally, the values of the soil quality parameters were compared
with the threshold values (CONAMA Resolution 460/2013). We classi-
fied these indicators as high sustainability if more than 90% of the
samples were classified as good or excellent.

Group 5. Compensation for environmental impacts
Mining activities cause logging and vegetation suppression that must

be compensated for by either restoring degraded areas or protecting un-
disturbed vegetation (e.g., forest and canga vegetation) outside the mining
area. The restoration and protection areas are determined in the envi-
ronmental license of a mining project. For example, as of 2016, the CNF
had lost nearly 20% of its original Amazonian canga vegetation (Souza--
Filho et al., 2019) due tomining activities. However, 21% of the canga area
in the Caraj�as Mineral Province is currently protected due to the creation
of the Campos Ferruginosos National Park (Souza-Filho et al., 2019).

This group of indicators refers to the extent to which the deforested
area in the CNF was compensated for through both the restoration and

http://www.anm.gov.br/assuntos/barragens/arquivos-barragens
http://www.anm.gov.br/assuntos/barragens/arquivos-barragens


Table 2
Values and sustainability class of each indicator.

Indicator Definition Value Sustainability
class

1. Changes in land cover and land use (2.71)
I1.1 Percentage of deforested area in

CNF
2.30% High (3)

I1.2 Percentage of deforested area for
mining activities in CNF

1.8%, High (3)

I1.3 Density of native vegetation
fragments in the landscape

0* High (3)

I1.4 Density of roads within the CNF 0.1 Low (2)
2. Impacts caused by operation (3.00)
I2.1 Particle emission 29.7 μg/m3 High (3)
I2.2 Distance between mining sites and

communities
2.6 km High (3)

I2.3 Visibility of mining sites from
settlements and cities

Not visible High (3)

3. Residue disposal and management (2.45)
I3.1 Ration between waste and iron ore 0.4 High (3)
I3.2 Risk assessment of tailing dams High APD Low (2)
I3.3 Potential damage of tailing dams High APD Low (2)
I3.4 Ratio of plant gross mine

production
0.95 High (3)

4. Resource efficiency (2.55)
I4.1 Total energy consumption per

produced unit of ore
2954.7
MWh/Mton

Low (2)

I4.2 Water withdraw per unit ore
production

0.091 High (3)

I4.3 Percentage of reused water in the
mining process

62.60% Low (2)

I4.4 Water quality index 94.90% High (3)
I4.5 Soil quality index 99.20% High (3)
5. Compensation of environmental impacts (2.45)
I5.1 Compensation of deforestation by

restoration outside CNF
3.7 High (3)

I5.2 Compensation of deforestation by
protected areas outside CNF

26.4 High (3)

I5.3 Carbon balance 434 Mton Low (2)
I5.4 Percentage of revegetated mine

land
19% Low (2)
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protection of native vegetation (Table 1). Indicator I5.1 provides the
proportion of deforestation within the CNF that was compensated for
through restoration outside the area, while indicator I5.2 defines the
proportion of deforestation within the CNF that was compensated for by
protecting native vegetation outside the area. The proportion of the
compensated area is based on the MPCNF (Gonçalves, 2016a), and its
location is established by the Brazilian Forest Code (Brancalion et al.,
2016). In general, compensation is carried out as closely as possible to the
degraded area in the IRW. We classified both indicators as high sus-
tainability when the restored plus protected area was twice the size of the
deforested area. The indicators were classified as unsustainability when
the area that was restored or protected was less than the area that was
deforested.

Further environmental impacts result from carbon emissions. How-
ever, CO2 can be sequestered by revegetation and reforestation. Indicator
I5.3 indicates a positive carbon balance with higher sustainability, while a
negative carbon balance indicates higher emissions than sequestration,
which is classified as unsustainability.

Indicator I5.4 depicted the proportion of the total mining area that was
reforested. The deforested area, the reforested area in the mine and the
mining area were obtained using the LULC classification for the IRB
(Souza-Filho et al., 2018). Mining companies provided the reforested
area outside the CNF, the protected area outside the CNF and the carbon
emissions and sequestration under the three scopes defined by the
greenhouse gas protocol, assuming that the IRW is the best place for
forest restoration.
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3. Results

We found that 14 out of the 20 individual indicators show that the
abiotic environment of Caraj�as iron ore mining operations is character-
ized by high sustainability, while six indicators show low sustainability
(Table 2). The direct impacts on the physical environment caused by
operations indicate complete sustainability of Caraj�as iron mining sites
(Fig. 3), but the mean scores for other categories are lower.

Category 1, related to changes in land cover and land use, obtained a
composite index value of 2.71 (on a scale of one to three) because the
road density in the protected CNF (0.09 km/km2) is higher than that in
protected areas farther from the region, resulting in a slight penalty to
indicator I1.4 (low sustainability). The other indicators in this group were
classified as high sustainability since 91 km2 of the total area of the CNF
(3954 km2) was deforested, 72 km2 was deforested for mining activities,
and the forest areas were grouped in just one fragment.

Category 2 had the maximum value because the PTS registered by air
quality monitoring was lower than the primary standard defined by
CONAMA; the nearest distance between a community and a mine inside
the CNF was 2.6 km (Fig. 3), and the mines are not visible by any
community.

The residue disposal category obtained a composite index of 2.45, as
only three out of five individual indicators were evaluated as showing
high sustainability. There are eleven mining dams inside the protected
area inserted in the National Dam Safety Plan, two of which are on the
border of the CNF and have a total volume of 151.7 Mm3. Their risk and
damage classification vary from E to B. However, due to the high APD of
5 dams, the indicator was classified as low sustainability.

The resource use efficiency category obtained a composite index of
2.55, as two out of five individual indicators were evaluated as showing
moderate sustainability. Compared to previous years, the production of
ore in 2017 presented a higher newwater use efficiency, resulting in high
sustainability for I4.2 but a slightly lower energy use efficiency and lower
water reuse, resulting in low sustainability for I4.1 and I4.3.

Furthermore, reforestation efforts (I5.3) were associated with mod-
erate sustainability of the indicator’s compensation for CO2 emissions,
and mine land revegetation (I5.4) reduced the composite index achieved
by compensation for the environmental impact category (score 2.45,
Fig. 3). Indicators I5.1 and I5.3 achieved higher scores because the
reforested (332 km2) and protected (2395 km2) areas outside the CNF,
used to compensate for the deforestation of permanent preservation areas
(Federal Law 9433/1997) inside the CNF, were, respectively, 3.7 and
26.4 times greater than the deforested area inside the conservation unit.

The CESI of the physical mining environment obtains a value of 2.62
for the iron ore mining activities in the CNF (Fig. 4).

4. Discussion

4.1. Assessing the sustainability of mining activities in the CNF

The CESI of the physical mining environment indicates the sustain-
ability of iron ore mining enterprises in the CNF. Under the supervision of
independent environmental agencies, such as the Brazilian Institute of
the Environment (IBAMA) and the Chico Mendes Institute for Biodiver-
sity (ICMBio), all legal requirements regardingmining in the CNF are met
or even outperformed by the mining companies. This includes logging
and mining activities as well as the permanent and temporary rehabili-
tation of mine lands. Compared to the baseline established in 2016, the
majority of soil and water samples inside the CNF have good or excellent
quality compared to the legal standards (Sahoo et al., 2019, 2020a;
Salom~ao et al., 2020).

Although the overall sustainability of the physical environment of
actual Caraj�as mining operations has been revealed in this study, some
individual indicators show that the iron mines examined are



Fig. 4. Normalization of individual indicators and categories used to compute the composite environmental sustainability index [CESI] of the physical mining
environment for the Caraj�as National Forest. The dashed line indicates the value of the index.
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characterized by low sustainability. To increase the sustainability of the
abiotic environment of Caraj�as iron ore mining operations, activities
should focus on the individual indices that show low sustainability.

4.2. Recommendations to increase sustainability in mining activities

Some indicators such as the indicator of road density within the CNF
are alarming, as studies note that road construction is one of the main
vectors of deforestation in protected areas in the Amazon (Barber et al.,
2014). The roads are mostly related to mining activity, and the Vale S.A.
mining company provides technological support for monitoring the
conservation unit in partnership with the Brazilian government to pre-
vent illegal deforestation. However, roads generally promote distur-
bances to local soils and hydrology and can represent sources of chemical
pollutants; roads can also generate edge-related changes in the forest
structure, microclimate and forest dynamics, among other impacts
(Laurance et al., 2009). Therefore, the construction of new roads should
be avoided.

The total volume of solid residue, i.e., tailings and mining wastes,
should be reduced to increase the sustainability of this indicator. The
relative mining waste produced is expected to decrease over the lifetime
of a mine. Therefore, the actual expansion of the mines in the N4-N5
complex may have contributed to this evaluation. Furthermore, the
start of mining activities in S11D, characterized by near-surface iron ore
deposits, is expected to contribute to the better performance of this in-
dicator. Ongoing studies are evaluating the possibility of reusing tailings,
which may contribute to a reduction in the residue-ore ratio.

Finally, the tailing dams inside the CNF were classified as low sus-
tainability due to their high potential to damage the environment and
socio-economic activities, even though they are classified as having a low
risk due to the dams’ technical characteristics, their conservation status
and the dam safety plans (Resolution 143/2002 of the Brazilian Water
Resources National Council). The avoidance of tailing production and the
removal of tailing dams from the conservation unit may contribute to
higher sustainability.
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Additional sustainability may be achieved by increasing the amount
of rehabilitated mine lands, although complete rehabilitation will be
possible only after mine closure. Nevertheless, despite high operational
efforts, the rehabilitation of particular mining environments remains
challenging and requires research regarding the selection of native spe-
cies adapted to environmental constraints and the development of soil
management (Gastauer et al., 2018). Further compensation plantings are
necessary to improve the CO2 balance from mining operations.

Compared to our 2016 baseline, the energy efficiency and the per-
centage of reused water in the overall mining process declined. Both
indicators depend on many factors, such as the amount of materials
handled versus the amount of materials produced; the installation of new
mines, which increases energy and water consumption without imme-
diately contributing to higher iron ore production; climatic particular-
ities, which vary from year to year (e.g., water use for dust suppression
increases during drier years); and the development and installation of
new energy- and water-efficient technologies. Therefore, longer periods
should be analysed to identify the long-term trends of these indicators.
Nevertheless, water and energy efficiency are key questions for the sus-
tainability of mining operations, and the decline in the performance of
both indicators should receive maximum attention from companies.

4.3. Data and methodological challenges for assessing sustainability indices

In the last two decades, an emergent sustainability science has been
widely discussed in the scientific community (Kates et al., 2001; Parris
and Kates, 2003; Shaker, 2018; Singh et al., 2012). Quantitative indices
may also exhibit subjectivity; however, the advantage of using quanti-
tative indices lies in their multidimensionality as well as the use of
normalization and aggregation based on scientific rules and statistical
methods (Singh et al., 2012). However, some limitations of this study
should be highlighted. First, data were unavailable for many indicators of
the physical environment proposed in studies on sustainability in mining
sites around the world (Dialga, 2018; Marnika et al., 2015; Worral et al.,
2009; Zvarivadza, 2018). Second, the evaluation conducted here is a
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snapshot of the status quo of Caraj�as iron ore mining operations, and we
have ignored the fact that all iron mining activities within the CNF are
highly dynamic (Nascimento et al., 2020); thus, modifications to some
individual indicators, e.g., the increase in the percentage of revegetated
mine land, are expected in the future. Third, the quantification of
extraction relative to the lifetime of mines may be considered a premise
of SD since future generations need to decide how they will or will not
use iron ore in the future.

The selection of indicators and the normalization and aggregation
method implied a value judgement. The aggregation method used
(geometric mean) entails a partial non-constant compensability of the
indicators. Most of the indicators used implied that noncompliance with
some requirements can be compensated for by compliance with other
requirements. Although the aggregation provides concise information
that can be easily communicated to and followed by policy makers,
analysing the performance of each indicator is also important. The five
categories used have different numbers of indicators. Therefore, the
calculation of the CESI using aggregation with equal weighting for the
five categories results in a composite index equal to 2.62 due to the
higher weighing for the indicators in the categories with fewer indicators
(e.g., category 2). To analyse the impact of this choice, we also calculated
the CESI using geometric aggregation of all indicators and without
considering the five categories. Hence, the CESI under this method was
smaller than that under the previous method (2.60).

Finally, the model presented here is based on a top-down methodol-
ogy; all indicators and their threshold values were defined by academics,
without consulting stakeholders from the corporate and operational di-
visions mining companies or the affected civil society. These stakeholders
may have distinct perceptions of the importance and evaluation of in-
dividual indicators (Sonter et al., 2014). Therefore, this study should be
complemented by a bottom-up methodology in which individual in-
dicators and their categories are presented to stakeholders and civil so-
ciety for evaluation. Based on such feedback, the importance of
individual indicators may be weighted, allowing us to best meet the SDGs
in mining (Sonesson et al., 2016).

Nowadays, the challenge is to develop comprehensive sustainability
indices of mining encompassing multiple dimensions of sustainability.
These dimensions must include environmental performance, including
physical and biological aspects, organizational governance, economic
and societal performance. When we develop indicators for measuring a
baseline and performance monitoring, we will be able to establish a new
paradigm to sustainability in mining. These indicators will be useful for
both internal uses (e.g. mining companies), and for communication to
external stakeholders (e.g. in the form of sustainability reports) (Singh
et al., 2007). Furthermore, it is important to emphasize that more than
one thousand mine closures over the past four decades in Australia.
Laurence (2011) found that the economic and efficiency dimensions
were causal factors in the 75% of mines that closed prematurely.
Therefore, the big challenge is to assess the use of comprehensive eco-
nomic and social indicators, anchored in the dimensions of sustainability,
for remote areas, such as the Amazon.

5. Concluding remarks

Identifying individual indicators with low performance, the CESI of
the physical mining environment of Caraj�as iron ore mining operations
can indicate a path towards sustainability for the entire mining process in
the region. Complemented by similar studies on sustainability regarding
biodiversity and ecosystem services (i.e., the biotic environment) and
socio-economic pillars, this study may improve the transformation of
exploited natural capital into social and environmental capital that will
improve the quality of life of people who work or live in mining town-
ships. In this context, the values presented here represent baselines for
further monitoring and evaluating the sustainability of the physical
environment and allow the sustainability of iron ore exploitation in
Caraj�as to be compared with further mining enterprises, guaranteeing
9

mining operations with minimum environmental impacts in sensitive
and specially protected areas.
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