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Abstract: Mining and mineral processing operations fundamentally oppose the objectives of conservation 
programs. Environmental compensation (or biodiversity offset) policies, however, present a unique opportunity 
to expand conservation reserves within mining regions. In this study, we quantified the land use change 
dynamics that have occurred within Minas Gerais’ intensive iron ore mining region, the Quadrilátero Ferrífero. 
Specifically, the objectives of the study were to: 1) quantify the direct impact of mining operations on native 
vegetation extent and compare this to that caused by other land uses, and 2) to investigate the conservation 
effectiveness of previously established environmental compensation areas in preventing vegetation loss. To do 
this we quantified the land use change in the region at four time points over 20 years using Landsat images. 
Results illustrate that the region has undergone rapid and extensive change. In 2010 only 46% of native 
(unproductive) vegetation remained. Deforestation was the result of multiple pressures that emerged from 
multiple land users in the region. Mining accounted for 14% of vegetation loss since 1990, with the remainder 
caused by a combination of expanding cattle pastures, Eucalyptus plantations and urbanization. In 2010, only 
20% of the region was under some form of conservation tenure, with less than 0.05% of native vegetation 
protected for the purposes of environmental compensation. Within these compensation reserves, however, 
almost no vegetation loss was observed. If all mining companies in the region had been required to compensate 
for the deforestation caused by their operations at least an additional 15,000 ha of native vegetation would be 
protected. We conclude that while the direct impacts of mining on deforestation is relatively small, mining 
companies can play a much larger role in regional dynamics as there is a great opportunity to expand the 
protected area network in the Quadrilátero Ferrífero through the use and implementation of environmental 
compensation policies.  
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1. Introduction 

Mining and mineral processing operations fundamentally oppose the objectives of 
conservation programs. Mine establishment and expansion involves deforestation and soil 
displacement, consumption of energy and water resources and large-scale development of 
industrial infrastructure to support processing and exportation requirements. Previous 
research has highlighted the potentially negative environmental impacts of these processes on 
biodiversity, ecosystem function and ecosystem services (e.g. Barrett et al. 2009; Malaviya et 
al. 2010; Simmons et al. 2008). 

In most of the world’s resource regions, the direct area occupied by mines is a small 
proportion of the total land surface area. Beyond the boundaries of site leases, however, mines 
are often situated within a complex mosaic of other land uses and users. In these regions 
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change and development often occurs rapidly due to the extensive socioeconomic 
opportunities that mineral production brings to a region. These off-site (or indirect) 
development effects also pose significant environmental impacts, some of which can be far 
more extensive than the direct impacts of mining itself (Schueler et al. 2011).  

Biological conservation in such rapidly changing regions is extremely important to 
preserve and manage natural resources. Governments, however, often do not have the 
resources required to enable strict enforcement of such conservation initiatives (Soares-Filho 
et al. 2012), especially when change occurs rapidly. One opportunity for conservation is 
available through the use of environmental compensation (or biodiversity offsets) policies, 
where mining companies are legally required to ‘compensate’ for their direct impacts. Under 
many jurisdictions, these policies involve revegetation or conservation activities and are 
generally required to be larger than the impacted area (in this case the area cleared for 
mining). This is said to therefore achieve a ‘net positive benefit’ at the regional scale (ten 
Kate et al. 2004).  

Previous research in the field of land change science has failed to incorporate the effects 
of mining in regional dynamics, despite their role in both direct and indirect impacts as 
described above. One reason this land use is often overlooked is associated with the 
difficulties involved in accurately quantifying changes in multiple land uses that occur at 
different spatial and temporal scales. In this study, we present a methodology to do this: we 
quantify the land use change dynamics within Minas Gerais’ intensive iron ore mining region, 
the Quadrilátero Ferrífero. Specifically, the objectives of doing so were to: 1) quantify the 
direct impact of mining operations on native vegetation extent, 2) compare this to that caused 
by other land uses, and 3) investigate the conservation effectiveness of previously established 
environmental compensation areas in preventing deforestation.  

The Quadrilátero Ferrífero is located within Brazil’s semi-arid zone between the Atlantic 
Forest and Cerrado biomes. It is the largest iron ore producing region in Latin America and 
third largest in the world. In addition to mining and mineral processing, the region is also 
important for biodiversity conservation, water resource management, silviculture (bioenergy 
and paper production) and urban development (Ferreira et al. 2009; Jacobi e do Carmo 2008).  
 
2. Methodology 

Regional land use change dynamics were quantified following a 5-step methodology: 1) 
image acquisition and pre-processing; 2) land cover classification of a 2010 baseline image, 
3) change detection and land cover classification of historic images, 4) conversion of land 
cover categories to land use information; and 5) accuracy assessment.  

 
2.1. Image acquisition and pre-processing 

Landsat was the chosen sensor for analysis since its spatial and temporal scale (resolution 
and extent) allowed identification of both small and large-scale mining operations over time. 
Performing classification at a 30 m spatial resolution was also important for accurately 
detecting vegetation extent and change, since the region is extremely fragmented. 

Two Landsat scenes cover the study region (217 064 and 218 064). For these scenes, 
near-date images were acquired at four time steps over a period of 20 years. Where possible, 
dates were chosen from the end of the wet season (July) to enhance spectral differences 
between grassy and woody vegetation. Due to cloud cover and the limited images available 
for the required scenes, it was not always possible to collect pairs from similar years. 

Acquired images were converted to exoatmospheric reflectance (using the published post-
launch gain and offset values; NASA Goddard Space Flight Center 2011). Images were 
combined using a geographical mosaic and clipped to the ROI boundary. The ROI was 
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defined by the intersection of local municipalities boundaries (IBGE 2005) and the region 
officially defined by CODEMIG (2011) as the Quadrilátero Ferrífero.  

 
2.2. Land cover classification of 2010 baseline image 

A supervised classification method was used to classify the baseline (2010) image into 6 
land cover classes (Forest, Grass, Mining, Plantation, Urban and Water). The classification 
utilised bands 1–7 (excluding band 6), NDVI and Tasseled Cap. The Spectral Angle Mapper 
classification algorithm was used to classify the image with the processing software ENVI. 
Training pixels were randomly distributed and selected based on field knowledge and 
Quickbird imagery. The spectral signatures and ROI separability tests illustrate significant 
separation between land cover classes (both Jeffries-Matursita and Transformed Divergence 
separability statistics were >1.9 for all comparisons). 
 
2.3. Change detection and land cover classification of historic images 

Pre-baseline images were classified using an image differencing and thresholding (10%) 
method (applied to NDVI) to identify and mask regions that had undergone a change in land 
cover (Jensen 2005). This technique is illustrated by Figure 2 and requires: 1) a classified 
baseline image; 2) a ‘change image’, produced by subtracting a band (NDVI was used) of the 
pre-baseline image from the baseline image; 3) a threshold value to identify change and no 
change regions (a 10% change threshold of NDVI difference was applied); 5) the binary mask 
(illustrating change regions) overlaid with the pre-baseline image to classify change regions. 

The change regions were classified using the end members (spectral signatures of training 
pixels) collected and used to classify the baseline image. The advantage of this method is that 
it can reduce the physical effort of classification, especially when multiple images require 
analysis. It may also reduce omission and commission errors. The limitation, however, is that 
the accuracy depends on the threshold’s ability to detect change between land cover 
categories. 

 
2.4. Conversion of land cover categories to land use  

Land cover classes were then converted into land use information using a combination of 
cartographic information and land use decision rules. For the land cover class of Grass, a 
native vegetation map (IEF 2009) was used to distinguish between Native Grasses (vegetation 
of Campo, Canga and Cerrado) and non-native grassy Pastures. Table 1 describes the 
remaining land use decision rules. 

 
Table 1: Land use decision rules 
Classified	
  
transition	
  

Reclassified	
  
transition	
  

Explanation	
  

Plantation	
  -­‐>	
  
Grassy	
  	
  

Plantation	
  -­‐>	
  
Plantation	
  

The	
   classified	
   transition	
   of	
   Plantation	
   to	
   Grasses	
   represented	
   harvested	
  
plantations.	
  This	
  was	
  not	
  considered	
  a	
  change	
  in	
  land	
  use.	
  	
  

Plantation	
  -­‐>	
  
Forests	
  	
  

Plantation	
  -­‐>	
  
Plantation	
  

The	
  classified	
   transition	
  of	
  Plantation	
   to	
  Forests	
  was	
  considered	
  an	
  error	
   in	
  
classification.	
  

Urban	
  -­‐>	
  	
  
‘non-­‐urban’	
  	
  

Urban	
  -­‐>	
  
Urban	
  	
  

The	
   classified	
   transition	
   of	
  Urban	
   to	
   any	
   other	
   non-­‐Urban	
   category	
   (Native	
  
Grass,	
  Forest	
  and	
  Plantation	
  were	
  all	
  observed)	
  did	
  not	
  represent	
  a	
  change	
  in	
  
land	
  use.	
  

Pasture	
  -­‐>	
  
Forests	
  -­‐>	
  
Pasture	
  

Pasture	
  -­‐>	
  
Pasture	
  	
  
	
  

The	
   classified	
   transition	
   of	
   Native	
   Grasses	
   to	
   Forest	
   was	
   only	
   permitted	
   if	
  
Forest	
  persisted.	
  

Mining	
  -­‐>	
  
Grassy	
  

Mining	
  -­‐>	
  
Mining	
  	
  
	
  

The	
   classified	
   transition	
   of	
   Mining	
   to	
   Native	
   Grasses	
   or	
   Forest	
   did	
   not	
  
represent	
   a	
   change	
   in	
   land	
   use.	
   This	
   assumption	
   was	
   made	
   even	
   if	
  
revegetation	
  occurred,	
  since	
  revegetated	
  mines	
  were	
  still	
  a	
  mining	
  land	
  use.	
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Figure 1: Clockwise from top left: 2010 543 colour composite; 2004 543 colour composite; 
2010 classified land cover; NDVI difference threshold mask, purple indicates no-change, dark 
regions indicate decrease in NDVI, lighter regions indicate increase in NDVI. 
 
2.5. Accuracy assessment 

To perform an accuracy assessment, a crisp (one class per pixel), pixel-based assessment 
was used to collect spectra. A stratified (disproportionate sample size to ensure sampling of 
rare classes) random sampling protocol was used to select ground truth points (Foody 2011; 
Stehman 2009). Sample locations were generated using ENVI and ground truth information 
was collected from higher-resolution imagery when the class could be determined with 
confidence. Due to data limitations, only the 2010, 2004 and 1990 classifications were 
assessed, using Quickbird imagery (2010 and 2004) and an orthorectified digital photograph 
(1990s). A confusion matrix was generated to illustrate the errors of omission and 
commission of 2010 classified image Table 2. 
 
Table 2: Accuracy assessment of the baseline (2010) image classification 

	
   Quickbird	
  (Observed)	
   	
  
	
   	
   Mine	
   Urban	
   Grass	
   Plant-­‐

ation	
  
Forest	
   Water	
   Total	
   Omission	
  

%	
  
Commis-­‐
sion	
  %	
  

Mine	
   85	
   2	
   7	
   0	
   0	
   0	
   94	
   100.00	
   90.43	
  
Urban	
   0	
   88	
   4	
   0	
   1	
   1	
   94	
   93.12	
   93.62	
  
Grass	
   	
   11	
   189	
   	
   	
   	
   200	
   90.80	
   94.50	
  
Plantation	
   0	
   0	
   0	
   88	
   8	
   0	
   96	
   96.70	
   91.67	
  

Forest	
   0	
   0	
   5	
   3	
   190	
   0	
   198	
   95.47	
   95.96	
  
Water	
   0	
   0	
   0	
   0	
   0	
   50	
   50	
   98.03	
   100.00	
  Cl
as
si
fic
at
io
n	
  
	
  

(P
re
di
ct
ed

)	
  

Total	
  (n+i)	
   85	
   101	
   205	
   91	
   199	
   51	
   732	
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3. Results and Discussion 
The land use classification methodology presented here accurately quantified change in 

multiple land uses that occurred at different spatial and temporal scales (Table 2). Studies 
often ignore the effects of mining, since it occurs at a smaller spatial and temporal scale 
compared to other land uses. Incorporating mining in our context, however, was important in 
understanding the threats and opportunities for environmental management. 

Our results illustrate that the Quadrilátero Ferrífero is composed of a complex mosaic of 
productive land uses interspersed throughout highly fragmented forests and native grasslands  
(Figure 2). In 2010 only 46% of the region remained as unproductive (or ‘native’) vegetation, 
consisting of 858,319 ha of forests and 68,000 ha of native grasses. Comparatively, the 
majority (54%) of the region was used for some form of productive use. Pastures were the 
dominant productive land use (82%), followed by Eucalyptus plantations (10.5%), urban 
areas (6%) and mining operations (1.5%). 

 

 
Figure 2: Study region and 2010 land use classification 
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Analyzing the land use change dynamics illustrated that the Quadrilátero Ferrífero has 
undergone rapid and extensive change over the past 20 years (Figure 3). By 2010, over 6.5% 
of the 1990 native vegetation extent had been removed, which included a loss of 63,025 ha of 
forests and 2,695 ha of native grasses. Mining accounted for 14% of these declines, while the 
remaining native vegetation was cleared for expansion of other land uses. While the majority 
of plantation expansion occurred at the loss of the cattle pastures, native forests and 
grasslands continued to be cleared for pasture expansion and urban development (Figure 4). 
These extensive and rapid land use change dynamics illustrate the importance of establishing 
and enforcing conservation programs within the region. 
 

 
Figure 3: Land use within the Quadrilátero Ferrífero over time 

 

 
Figure 4: Observed land use transitions. The arrow weight and quantities illustrate the average 
annual area of transition within the region. 
 

In 2010, about 20% of the Quadrilátero Ferrífero was under some form of conservation 
tenure, leaving 72% of forests and 44% of native grasses unprotected (MMA 2010). The 
majority of conservation areas are that of ‘sustainable use’, which have a limited effect in 
protecting against vegetation loss compared to non-protected areas (Figure 5). In comparison, 
there are currently only seven environmental compensation reserves (RPPN established for 
the purposes of compensating for the impacts of mining) within the region, with a combined 
area of 1,052 ha. These reserves, however small, show a high protection against vegetation 
loss (we observed almost none within these reserves; Figure 5). 

While our results suggests that environmental compensation conservation reserves can be 
extremely effective in preserving native vegetation, their combined area represents less than 
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10% of the forests removed by mining operations. If all mining companies in the region were 
required to compensate for their deforestation (at a 1:1 ratio) an additional 15,000 ha of native 
vegetation could have been protected. 

 

 
Figure 5: Percentage of protected areas that contain Forests over time 

 
4. Conclusions 
Mining operations are often overlooked in land use change studies since they occur at a much 
finer spatial and temporal resolution than other land uses such as silviculture and productive 
pastures. The methodology presented in this paper allowed us to quantify land use change 
dynamics that occurred at multiple spatial scales. Our results illustrate the significance of 
incorporating this more intensive land use. 

The direct impacts of mining on deforestation was small compared to that caused by other 
land uses; however, our results illustrate that mining companies can play a much larger role in 
regional dynamics and environmental management. Many opportunities remain to expand the 
protected area network in the Quadrilátero Ferrífero through the use and implementation of 
environmental compensation policies.  
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