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Processes of land use change in mining regions

Abstract: The world’s mining regions undergo abrupt and esitenland use change, the
impacts of which pose significant management chgéle for mining companies and regulatory
agencies. In this study we investigated 20 yeataraf use change in Brazil's largest iron ore
mining region, theQuadrilatero Ferrifero (QF) using a remote sensing classification
procedure to produce a time series of land use naamos a Land Change analysis to
investigate the causes and consequences of obsehathes. The QF has undergone
extensive land use change including deforestatptemtation expansion, urbanization and
mine expansion. Comparing our results with thosandb in surrounding non-mining
landscapes illustrated some important differenEes.example, the QF contained additional
highly profitable land uses, including mining andrgation forestry, which were driven by
globalized markets for mineral resources. This ifigdsuggests the processes of land use
change within mining regions are distinct from thdsund elsewhere and, as such, land
management policies and approaches should refiext \We also identified four potential
generalizations regarding these processes: 1) itket dootprint of mining expands over
time, 2) the offsite footprint of mining is extemsiand also often expanding, 3) the direct and
indirect use of land by mining causes environmeata social impacts, some of which are
not captured by current management approaches4tite footprints of mining and their
associated impacts are driven by global factor;yyma which are uncontrollable by local
land holders and regional management plans andigmliWe describe and discuss these
generalizations, drawing on published evidence faodher mining regions to illustrate their

generality and their implications for land managetne
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1. INTRODUCTION

Mining regions (also known as resource regions)ga@ogically defined by an abundance of
economically feasible mineral resources and, agsalty they often undergo abrupt and
extensive changes in land use (Bridge 2004). Laedchange can be caused by a combination
of mining and non-mining activities (Moran et ab13), both of which have environmental and
social impacts. While these impacts are often megancluding land degradation, biodiversity
loss (Simmons et al. 2008; Townsend et al. 2008)li@elihood displacement (Schueler et al.
2011); positive impacts can also occur, such aeased conservation activities and water
guality management (Sonter et al. 2014; Sontelr @0a3a). Managing the impacts of land use
change—i.e., mitigating negative impacts and erihgnpositive impacts—is an important
sustainable development goal that poses a challeargenining companies and regulatory

agencies alike.

Despite this, little work has been done to undadsthe processes of land use change in mining
regions. While some case study evidence has besserged describing how change has
occurred in specific sites (e.g. Hammond et al.720€hese studies often lack a rigorous
framework to allow application of knowledge to athmining regions for the purpose of
decision making. One recently proposed framewottkas of Franks et al. (2013), which has
been developed to analyze the cumulative impactsnioing at the regional scale. This
framework, however, is not spatially and temporakyplicit, which is essential in understanding

processes of land use change and without thisdiffisult to predict future land use change,
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identify and quantify potential tradeoffs in landamagement decisions, and develop policies

capable of avoiding undesirable trajectories (Reial. 2006).

The field of Land Change Science presents an apptytto overcome this limitation by
analyzing spatially and temporally explicit pro@ssf land use change. Using a Land Change
approachland userepresents the interaction between humans andetironment and is used
as a conceptual platform upon which to determintd b causes and consequence of land use
change and to investigate the influence and palesticcess of land management decisions
(Turner et al. 2007). To our knowledge only a fudies have used a Land Change analysis to
investigate processes of land use change in miegigns (Schueler et al. 2011; Sonter et al. in
review). None, however, have made comparisons mdth-mining regions to examine their
conceptual differences, nor have they made congrerisnvith other mining regions to
investigate potential generalizations. The ability make comparisons, generalize and
extrapolate convincingly is necessary if framewplike that proposed by Franks et al. (2013),
are to be helpful beyond their intellectual (or cptual) value. It is also necessary to enable
land management approaches be developed baseé enidence and experience learnt from

other mining regions.

Analyzing land use change requires a time serietamd use maps and remote sensing
classification is the primary tool used to acquiveh data (Lambin & Linderman 2006). There
are many advantages of using remote sensing daasisih tools to map land use, e.g. it allows
efficient access to otherwise inaccessible or remotations and it provides time series
information at a scale meaningful for regional dexi making. While remote sensing has been
used for a long time to monitor specific miningities (e.g. Irons et al. 1980), few regional-
scale analyses explicitly incorporate mining aspasate land use. Generally this is because

mining operations occur at a small spatial scalative to other land use changes (such as
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agricultural expansion and deforestation) and eEaerforming regional classification at this
scale can be a time-consuming and potentially umate task (Sonter et al. 2013b). For this
reason, mining is commonly merged into other lasel classes, such as ‘cleared land’, ‘built-up

land’ or ‘other’.

In this study we investigated 20 years of land efs&nge within a large and well-established
mining region: Brazil’'sQuadrilatero Ferrifero(QF; Iron Quadrangle). We had two specific
objectives. First, to quantify land use change witine QF to determine if these processes
can be efficiently and accurately characterizedgistmotely sensed data, classification tools
and a Land Change analysis. Second, to comparngrticesses observed within the QF with
published information from surrounding non-minirgdiscapes to determine if the presence
of mineral resources and a well-established miimagstry creates fundamental differences
in the processes of land use change than may ddeebe expected. Interpreting these results
allowed us to hypothesize conceptual generalizatibat may occur in other mining regions

and we discuss the implications of these, drawmg@ublished literature.

2. METHODS

2.1 Study region

The QF mining region covers approximately 1.98 Mhiand within the Atlantic Forest biome
and the State of Minas Gerais (CODEMIG 2010; Figyrdt has a long and important mining
history, containing approximately 75% of Brazil'sasured iron ore reserve, half of which is
graded above 60% iron content (Gurmendi 2011). fidgeon also contains economically
feasible gold and bauxite deposits, which are latgb mined. Over the past two decades, the
mining industry within the region has respondeddigpto the growing global demand for iron

and steel (Sonter et al. in review). During thisdtiproductive capacity has tripled (MME 2011)
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making the QF the largest iron ore production axpodation region in Latin America. In
regards to land use, most land in the region iseatly under some form of mining tenure,

including exploration, pre-operational or approlast for mining (DNPM 2012).

Land in the QF is also used for other non-miningppses, including biodiversity conservation,
water resources management, plantation forestryudoah development (Jacobi & do Carmo
2008; Sonter et al. 2014). The impacts of miningehlaeen shown to heavily influence these
adjacent land users, through pollution (Matscheitatl. 2000) and by influencing other land use
opportunities (Sonter et al. in review). In resgoihg growing concerns surrounding industry
operation and the potential for land use conflicthe near future, the State of Minas Gerais has
undergone significant regulatory change regardimgrenmental licensing and rehabilitation
requirements (Viana & Bursztyn 2010). In addititme surrounding Atlantic Forest biome has
been subject to regulatory changes regarding fonestagement, given the biome’s dwindling

forest remnants (Ribeiro et al. 2009).

2.2 Remote sensing classification of land use chang

Landsat TM data was chosen for analysis becausgpdasal and temporal scale (resolution
and extent) allowed mining operations to be idédif(lrons et al. 1986). Performing
classification at a 30 m spatial resolution waso ailsiportant for accurately detecting
vegetation change, given the region’s forest rertsnare small and fragmented. Two Landsat
TM scenes cover the QF (217 064 and 218 064) aaddse images were acquired for both
from 1990, 2000, 2004 and 2010. Acquiring near-dia@ges minimized differences in sun
elevation angle and shadowing effects. Where plassimages were also chosen from July
(end of dry season) to enhance spectral differebetgeen grassy and woody vegetation and
to minimize cloud occurrence (all images had <5%udlcover). Images were downloaded

from USGS, which were level 1T processed (orthdied) and projected to UTM Zone 23S.
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Acquired images were converted to reflectance wa(using the published post-launch gain
and offset values; NASA Goddard Space Flight CeB@drl) and atmospheric effects were
corrected using the QUAC method available in thesgfication software ENVI (ENVI
2010). Images were then combined using a geogralpmosaic and clipped to the QF
boundary, which was defined by intersecting a nfdpeal municipalities (IBGE 2005) with

the region officially defined as the QF by CODEM(Z010).

A supervised, pixel-based classification algoritiias used to classify land cover classes.
This approach was used over object-based methadsige the later has been found to suffer
from absorption of small rare classes (such asngjrinto larger objects (Robertson & King
2011). The ‘baseline’ (2010) image was classifiet isix land cover classes (forest, grass,
mining, plantations, urban and water). For eachs;l&raining pixels were selected based on
field knowledge and higher-resolution Quickbird oeay. Spectral information was extracted
from bands 1-7 (excluding the panchromatic bandn@)) two vegetation indices: NDVI and
Tasseled Cap (Jensen 2005). Importantly, signifisaparation in spectral signatures was
found between training pixels from each land coukrss. Both Jeffries-Matursita and
Transformed Divergence separability statistics Rids 1999) were >1.9 for all
comparisons, indicating that between-class vanat@s significantly greater than within-
class variation. The Spectral Angle Mapper (SAMhtgque was then used to classify the

baseline image in ENVI (ENVI 2010).

Pre-baseline images were initially processed uaimgmage differencing and thresholding
approach to identify pixels that had undergone angk in land cover (Mas 1999). This
technique produced a ‘change image’ by subtraaidgte-1 band (NDVI was used) from the
corresponding date-2 band. A threshold value was #pplied to produce a binary mask of

‘change’ and ‘no change’ (Figure 2). The threshatlie was set to the 5% upper and lower
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histogram values of NDVI difference, therefore #isolute threshold value differed for each
time step (i.e. 1990-2000 vis. 2000-2004). The #yinamnage of change pixels was then
overlaid with the date-2 image and only these gixetre classified. The advantage of using
this method is that it reduces the number of pixelbe classified, which may also reduce
omission and commission errors; however, accurapedds on the threshold’s ability to
detect changes between land cover classes. Tafglabsange pixels, spectral signatures
collected from the 2010 baseline image were usall dassification was performed as
described previously. The advantage of utilizingl@0spectral information was that it
reduced the effort required to re-train classesgl which was not possible for the 2000 and
2004 images since ground truth information wasawatilable); however, the accuracy will

depend on the temporal stability of spectral sigrest for all land cover classes.

The time series of land cover classes were thewerted into land use classes using a
combination of cartographic information and timeies decision rules. For the land cover
class of grass, a native vegetation map (SEMAD P0i#s used to distinguish between
native grasses (vegetation of Campo, Canga ané@d@®rand non-native grassy fields, which
were primarily low-density or abandoned cattle grgzroperties. The time series rules were
used to correct changes in land cover that weremanges in land use. The time series rules
were as follows: ‘plantation to grass’ was recl@ésdito stable plantation, since this land
cover transition reflected plantation harvest, eattihan plantation abandonment; ‘plantation
to forest’ was reclassified as stable plantatidnces this was considered an unrealistic
transition; ‘urban to non-urban’ was reclassifiedstable urban, also an unrealistic transition;
‘field to forest to field’ was reclassified as dilfield, since it was assumed regrowth
occurred only if forests persisted; and ‘mininggtassy’ was reclassified as stable mining,

since rehabilitated land remained in use by miioignpanies.
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To assess accuracy, a crisp (one class per pixa)-pased assessment was used to collect
spectra and a stratified random sampling protoca$ wsed to select ground truth points
ensuring that rare classes were sampled (Foody, Z&hman 2009). Sample locations were
generated using ENVI, reference (or ‘ground truthfprmation on land use was collected
from higher-resolution imagery for these pointsgd aonfusion matrices were generated to
illustrate omission and commission errors and threglucer's and user’'s accuracy. Three
accuracy assessments were performed. First, thé 2OH use classification was assessed
against high-resolution Quickbird imagery from 20t® determine the accuracy of the
supervised classification. Accuracy was above 90f4all land use classes (Table 3). Second,
the image differencing and thresholding approack assessed to determine its ability to
detect change. Comparisons were made between Hande’/'no change’ mask and a
combination of the 2010 Quickbird imagery and a@@@thorectified digital photograph.
Results showed that change was accurately detéCtanle 4); however, 63% of pixels
detected as change actually underwent no changgesting a higher change detection
threshold may have been useful for some land wesse$, however it was considered more
appropriate to overestimate potential change pixather than risk not detecting them at all
(Table 4). Third, the accuracy of using 2010 sgaétformation to classify pre-baseline land
use maps was assessed by comparing the 1990 lancchasmge map with the 1990
orthorectified photograph (Table 5). Accuracy wdm\we 90% for all land use classes,
indicating that errors in Table 4 were corrected tlwrough classification. In this study,
quantitative field data accuracy assessment wapassible; however, each land use class of

interest here was detectable from high resoluticages.

2.3 Comparisons with other studies
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To compare the processes of land use change withi@QF with those found in nearby non-
mining regions, we collated a series of publishaskecstudies. Comparisons were limited (by
availability) to five regional studies (Becker &t2004; Castanheira 2010; Freitas et al. 2010;
Lira et al. 2012; Teixeira et al. 2009) plus onenhbé wide analysis (Calmon et al. 2011) and
one State-wide analysis (SEMAD 2010). We compalexbe studies with QF results by
evaluating similarities and differences in regiolzald use composition and extent, land use

transitions and land use transition rates.

3. RESULTS AND DISCUSSION

3.1 QF land use change

In 2010, the QF mining regiowas composed of a mosaic of land uses interspersed
throughout highly fragmented forests and nativesgjemnds. The land use map showed that
less than half the region’s native vegetation resiand the majority of land was used for
some form of production (Figure 1). Low-density apandoned cattle-grazing pastures
(classified here as fields) were dominant, follovagdEucalyptusplantations, urban areas and
mining operations (Table 1). The regional extertaofl use classes changed over time as the

result of dynamic land use transitions (Table 1).

Eight land use transitions were observed betwe80 28d 2010 (Table 2). Native vegetation
was cleared for multiple land uses, including f&eldhines and urban. Land use transitions
also occurred between land use classes, i.e. figllg transitioned for both plantation
expansion and urban development. A small amountabive forest regrowth took place;
however, the rate of forest regrowth steeply dediover time (Table 2). No evidence of
revegetation or rehabilitation of mine sites withefst cover was evident from the spatial data

between 1990 and 2010.

10
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In addition to these proximate causes of land usenge, we found mining operations
indirectly influenced adjacent land users. Therdifigs have been reported elsewhere (see
Sonter et al. 2013b; Sonter et al. in review) armdude: increased plantation expansion for
charcoal production for use in pig iron and steakimg (half the pig iron in Minas Gerais is
produced using charcoal, of which 65% is produaednfplantation forests; AMS 2012;
IBGE, 2012); an increase in offsite (beyond mirestd deforestation rates potentially driven
by competition between mining companies and urbaveldpers; and a decline regional
forest regrowth rates driven by increased regichatcoal production. These results illustrate
the physical ‘reach’ of mining operations in thegion, which were visible through a Land

Change analysis in the QF mining region.

3.2 QF vs. surrounding non-mining landscapes

Previous studies undertaken within the Atlanticdsbrillustrate landscapes that are highly
altered and contain a mosaic of land uses, which siilar our findings in the QF. For
example, the dominant land uses (forests and jieldd their relative proportions in the QF
(fields dominated and native vegetation fell bel6@f6 of the landscape; Figure 1) were
consistent with other studies undertaken in neardtersheds (Castanheira 2010), within the
State of Minas Gerais (SEMAD 2010) and elsewherheénAtlantic Forest biome (Becker et
al. 2004, Lira et al. 2012; Teixeira et al. 2009)her similarities included 1) the transition of
forests to fields being the most extensive tramsiaind 2) a steady increase in the extent of

urbanized land over the past two decades (Lir& @042).

Differences were associated with deforestation raggowth trajectories, the occurrence of
mining land use and the rate at which land usedpfantation forestry expanded. Other
studies reported that deforestation rates haveeslaver time and forest regrowth rates (i.e.

the transition of fields to forests) have increasgétimately leading to a net increase in forest

11
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cover (Lira et al. 2012). In these non-mining lasajes an observed net increase in forest
cover was explained by a combination of factorgjuiding 1) increased enforcement of
forest management legislation, specifically theeSoiICode (Calmon et al. 2011) and 2) the
combined effect of increasing land rents and modagricultural practices, which have
driven land abandonment and forest regrowth (Beeked. 2004; Lira et al. 2012). Neither

characteristic, however, was evident in the QF.

In the QF, deforestation rates have not declinedesi2000 (Table 1, Table 2) and the
influence of forest legislation on reducing deféatisn rates appears to have been minimal
during this time. While the rate of deforestati@mained relatively stable over the past
decade (increased enforcement may have at leagtntesl increased deforestation rates), the

region’s second most important proximate cause@st loss—i.e. mining—increased.

Under the Forest Code, which is Brazil's nationatebt management policy, mining
companies are permitted to clear forests, so lenipey obtain an environmental license and
compensate (or offset) for forest loss. Compensdtigolves activities such as revegetation
and conservation and should result in ‘no-net-ldsdorests in the region. The influence of
offset projects on slowing regional deforestatidmwever, appears to be relatively
insignificant as a result of poorly designed ofiset requirements (Sonter et al. 2014).
Alternatively, large tracts of forested land surmding mining operations are owned and
inadvertently conserved by mining companies withia region since adjacent land users are
excluded from development in these areas (Figur8ohiter et al. 2013b). These findings
suggest that the operation of the mining industry & significant influence on the processes
of deforestation within the QF region, both as &searved cause of deforestation and as a

potential source of conservation.

12
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An increased rate of forest regrowth as a resuirad abandonment was also not observed in
the QF (Table 2). This was because a highly ptaigtaalternative land use option (plantation
forestry) was available. Plantation forestry opgerst rapidly expanded in the QF (Table 1)
and this was uncharacteristic of other Atlantic &sbrlandscapes. In the QF, plantations
produce both cellulose (for paper production) aiminiass for charcoal production. Charcoal
production is used in part for domestic purposes iarpart for steel making (driven by the
mining of iron ore and global demands; Sonter einaleview). This suggests that in addition
to being a major proximate cause of deforestatiom,operation of the mining industry also
plays an important underlying role in driving plation expansion in the QF, which was not

evident in surrounding non-mining Atlantic Foremdscapes.

3.3 General processes of land use change in miniregions

While some similarities were found between the @& surrounding non-mining landscapes,
many differences were evident. Specifically, the €atained additional highly profitably
land uses, including mining and plantation forestiygure 1), which were driven by
globalized markets for mineral resources (Sontet.eh review). This result suggests mining
regions undergo processes of land use change mhalistinct from what may have been
expected in absence of high quality mineral depaaitd, as such, they should be managed
differently. Knowing how to do this requires a gealeinderstanding of the processes of land
use change that occur in these regions. From a@ulitse it was possible to identify four
potential generalizations: 1) the direct footpifitmining expands over time, 2) the offsite
footprint of mining is extensive and also often amnging, 3) the direct and indirect use of
land by mining causes environmental and social atgpaome of which are not captured by
current management approaches, and 4) the foamfrmining and their associated impacts

are driven by global factors, many of which areammollable by local land holders. In this

13
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section we expand on each of these generalizatomasying on published evidence from

other mining regions to illustrate their generadityd their implications for land management.

3.3.1 The direct footprint of mining expands overet

The aggregated land area used directly for minmthe QF expanded over time (Table 1;
Figure 2), at a rate that also increased non-lipedrable 2). The expansion of mining
operations is common in many mining regions (faaregle, see the Pilbara in Australia and
Rustenburg in South Africa; InfoMine 2012) and denexplained by four related factors. 1)
The demand for minerals has grown across many alim@mmodities (UNEP 2011). 2)
During recent decades there has been a shift froderground mining to massive-scale
surface mining operations due to ‘economies ofesd®rior et al. 2012). 3) Lower grades in
metals (requiring more rock to be mined) and deefssle coal deposits (requiring higher
strip ratios for extraction) result in more landrigerequired to produce the same amount of
product (Mudd 2010). 4) As a result of the previdastors, the extent of tailings storage

facilities and waste rock dumps has also grownr(sat al. 2011).

Exploration activities are also increasing in scller example, Brazil increased investment
in mineral exploration from USD234 million in 206@® USD321 million in 2010 (Gurmendi
2011) and many mining regions are almost complebelyupied with mineral exploration
leases (USGS 2009). The spatial distribution oferahexploration at the global scale is also
changing, where a shift from ‘green fields’ to ‘tano fields’ is underway (ABS 2013). This
shift results in the development of new mines withiready established mining regions,
rather than discovery and development of new mingggons. This trend is driven by higher
probability of success in finding economically fides reserves close to already established

mining operations and the lower costs to explasthreserves if found.

14
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Expanding the direct footprint of mining and expliton within already established mining
regions is expected to continue while their ecomaity feasible mineral deposits remain.
‘Densification’ of mining regions is likely to elate pressures on land, causing competition
and conflict between mining and non-mining landrsis&uch should be expected to occur
especially in regions already highly allocated dtdrer non-mining forms of land use. Moran
and Brereton (2013) illustrated this effect throutfte relationship between aggregate
community complaints information and visual amemiter time in the Upper Hunter Valley
in NSW Australia. Of course, when mineral resouresdepleted, mine expansion will slow
and exploration will cease. Following this, theedir footprint of mining will depend on
regional land rehabilitation requirements and thecess of these activities. It is worth
noting, however, that once mineral resources aggdetkr the term ‘mining region’, as
initially defined, no longer applies, although exde of a ‘closed’ mining region without

permanent impacts is yet to be demonstrated orgteedwith certainty in planning.

3.3.2 The offsite footprint of mining is extensine also often expanding

In the QF, the land used by mining companies exdnoeyond their onsite operations.
Offsite footprints have previously been referrecaso’'shadow effects’ or ‘spill-over effects’
(Marshall 1982; Schueler et al. 2011) and these afgpear common in mining regions.
Specifically in the QF, we found land was used it#f$or plantation forestry to produce
charcoal to enable iron ore processing and steking#Sonter et al. in review). In other iron
mining regions, plantation charcoal production Isoaattracting attention in the context of
climate change mitigation (Weldegiorgis & Franksl2) Mining infrastructure also often
has an offsite footprint. Transportation infrasture (both for products and workforce,
including rail and road), mineral processing, gedleg and metal refining plants all increase

in size with the direct footprint of mining (ABS 20). For example, in the Bowen Basin coal
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region of Australia increased traffic volume tramgmg mining needs and a growing
workforce has resulted in the need for significapgrade of the region’s road network.
Further west in the same state, the planning far raéway corridors for the development of
the Galilee Basin for coal production has been ghbject of significant approvals and
community conflict. On the other hand, the WorldnBas examining the design of railway
development for mining in East Africa to also ceeatgional-scale synergies for opening

land for food production by creating the abilityttansport all commodities to markets.

The general trend is that the full extent of larmkdito support mining operations is in
addition to its direct footprint (Sonter et al. 3B}, suggesting that regional management of
mining should also consider land used offsite dmddffects of this on adjacent land users.
This is especially true since important feedbackenoexist between increasing offsite
footprints and future mine expansion. For examplpgrading regional infrastructure
increases the productive capacity of a region (@main2011), thus providing new (and often
cheaper) opportunities to expand onsite operatibhsrefore the approval and management
of offsite land use should be done consideringatential to catalyze future mine expansion
and land use change within the region. The sigmiite of this effect can be seen in the
consideration by oil and gas companies to shifbtfteshore floating natural gas liquefaction
plants to avoid the complexities of on-shore dewelents. Another example is the dynamic
causal relationship that often occurs between rexygansion and urbanization in mining
regions (Petkova-Rimmer et al. 2009; Roberts 19%pally, it is also possible for offsite
footprints to extend beyond the mining region ftselaking them uncontrollable through
regional planning. An example of such an effectviere constraints to stockpiling in the
source region result in the creating of stockpitestprints in other locations, e.g., at distant
ports located offshore. This point illustrates that current definition of a mining region and

their management, does not explicitly capture wf®otprints of mining.

16
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3.3.3 Environmental and social impacts are causethb footprints of mining

Land use change associated with the direct anditeff®otprints of mining causes
environmental and social impacts. Directly, surfacming operations displace soil, clear
vegetation (e.g. Figure 2), reconfigure naturabfmapes and alter ecosystem function and
services (Simmons et al. 2008), they can cause bottancement and loss of regional
livelihoods and of quality of life depending on &ccircumstances (Moran et al. 2013;
Schueler et al. 2011). Impacts caused by the difeatprint of mining have received
significant attention in the literature and they dhe subject of impact assessments and
licensing conditions, within which mining operattoorare required to avoid, minimize
rehabilitate or offset these impacts; althoughrteaccess in doing so is debatable (Sonter et
al. 2014). However, the impacts caused by offsita#grints have received considerably less
attention and, we suggest here, that these areun@ntly captured by impact assessments or
licensing conditions, although some evidence fregianal and strategic impact assessments
suggests these tools can be used to capture thesets. The challenges in managing these
impacts are associated with assigning respongibgince a direct link between cause and
impacts cannot always be easily established; howeverlooking them will have significant
implications for achieving sustainable developmgoals both within and beyond mining

regions.

3.3.4 Land use change in mining regions is driveglobal factors

Mineral resources are traded within globalized ratgKBarbier 2000; Bridge 2004) and as a
result there is often great distance between therdr of land use change (the demand for
products, particularly for minerals from developiAgian countries) and the environmental
and social impacts that occur locally (Fearnsidale2013; Lambin et al. 2001). This was

observed in the QF, where the global demand for &od steel caused a transformation of
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the region to produce iron ore and charcoal (FigurBonter et al. in review). The challenge
in managing these processes of land use change,ish&so linked to managing demand for
mineral resources elsewhere. While this task idicdit—since the local land holders
experiencing impacts have little to no control ogkabal drivers—failing to do so will limit
the effectiveness of long-term regional plannirgpeially if a ‘business as usual’ demand
scenario is incorrectly assumed. The growing ratibn of the significance of this effect is
resulting in many countries introducing forms obyalties to regions’ policies, which
preferentially direct revenues and taxes from n@hand energy commodity exploitation to
the local region to deal with environmental and owmity consequences of being the source
location of mining activity. This is a governanasponse to the phenomenon that physical
needs for sustainable development in one place adocreate an inability for equitable
development in another location, for example, thpps/ of copper from Peruvian Andean
communities to rapidly urbanizing China. More brigadhe influence of ‘teleconnections’
(i.e. the distant link between drivers of change #dreir impacts) is increasing throughout the
world in other non-mining regions (Liu et al. 2013pr example in regions producing
biofuels (Reenberg & Fenger 2011). Therefore maregal lessons on managing global
drivers of land use change could be learned froenvtbrld’s mining regions, where global

mineral markets have been in effect for decades.

4. CONCLUSION

Our results suggest that the processes of land dmage in mining regions are
distinguishable from those occurring elsewhere.sTimding suggests land management
approaches should be specifically tailored for mgniregions. We propose four
generalizations regarding the observed processkesmofuse change, which could be used to

guide policy development and land management istiegi and emerging mining regions
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throughout the world. Future research could test vhlidity of our generalizations by
analyzing the processes of land use change in otir@ng regions, at different stages of
resource development. Questions raised herein pointhe need for a more thorough
examination of the definition and scope of mining resource) regions and research into the
processes operating within them and impacts aamtist from them. To do this, our results
suggest a spatially and temporally explicit Landafde analysis coupled with remote

sensing information is likely to be useful in mazases and essential in some.
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FIGURE CAPTIONS

Figure 1: Quadrilatero Ferrifero mining region.dhop left inset illustrates the location of
the QF within Brazil and Minas Gerais. The mainufig shows the 2010 land use

classification map.

Figure 2: Land cover classification procedure, shgwa sub-section (see inset) of the QF

mining region.
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TABLES

Table 1: Land use classes over time

Area (100 ha)
Land use 1990 2000 2004 2010

Forest 921 889 879 858
Grass 71 70 69 68
Fields 868 879 878 869

Plantations 69 80 88 110

Urban 43 51 53 57
Mine 8 11 13 18

Total 1980
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1 Table 2: Annual rate of land use transitions

Annual rate (ha.yr?)
From To 1990-2000 2000-2004 2004-2010
Field 3019 2098 2363
Forest Urban 144 59 103
Mining 178 203 432
Urban 11 25 40
Grass Mining 88 146 136
Plantation 2 4 53
Urban 652 423 504
Field Mining 83 102 92
Forest 629 281 258
Plantation 586 1245 2587




Table 3:

Accuracy assessment of the baseline irf2f9) and 1990 land cover

Quickbird (Observed)

Accuracy (%)

Mine Urban | Grass | Plantation | Forest| Water| Total| Prodicer's | User's

Mine 85 2 7 0 0 0 94 100.00 90.43
g Urban 0 88 4 0 1 1 94 |93.12 93.62
é Grass 11 189 200 | 90.80 94.50
i: Plantation | O 0 0 88 8 0 96 96.70 91.67
:g Forest 0 0 5 3 190 0 198 | 95.48 95.96
f_g Water 0 0 0 0 0 50 50 98.03 100.00
g Total 85 101 205 91 199 51 732
N

(n+)
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1

Table 4: Accuracy assessment of 1990 change mask

Quickbird & Ortho-photo

Accuracy (%)

(Observed)
CHANGE NO Total | Producer's | User's
CHANGE
« CHANGE 125 72 197 100.00 63.45
@
> |
[} ©
= % NO 0 200 200 73.52 100.00
s 35
O Y CHANGE
S <
® Total (n+i) 12E 272 397
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Table 5: Accuracy assessment of 1990 land covérimvithange mask

Ortho-photo (Observed)

Accuracy (%)

Mine | Urban | Grass | Plantation | Forest| Water| Total Producer's | User's
g Grass 0 2 187 0 8 0 197 96.39 94.92
-% —~~
S 3
7 g Forest 0 0 7 1 192 0 200 95.47 96.00
5 o
o o4 - =
S Total (n+i) | O 2 194 1 20C 0 397
—
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Highlights

* Mining regions undergo abrupt and extensive laredalnge (LUC)

* A Land Change analysis was used to investigate lBrazil’s Iron Quadrangle (QF)
» Processes of LUC within the QF were distinct frévase in non-mining regions

» Some similarities between the QF and other mingggons were also evident

» Four generalisations were identified to help guae management in mining regions





