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 Nowadays, South America is facing a gold rush due to the 
rising gold prices of recent decades (ACM 2014). One of the biggest 
problems related to this crisis is the lack of information about the 
scale of damage and pollution caused by illegal and informal 
gold mining. This makes official processes of remediation, safety 
management and the formalization of mine sites much more 
difficult (Heck 2014).

As the problem is growing and mostly occurs in remote 
areas, the usage of remote sensing to detect illegal mine sites 
is attracting more attention. One example is a Colombian 
government project that aims to use remote sensing as a tool for 
the detection of unwanted alluvial gold exploitation (UNODC 2016). 
Colombia is situated next to Peru in a group of countries struggling 
with this phenomenon. Remote sensing in the region should be 
implemented as part of a preventative system. Satellite images 
are usually used as a source of data for observing deforestation 
in the areas surrounding mine sites (Swenson et al. 2011; WRI 2018). 
Since pollution associated with artisanal gold mining is a threat 
to all living beings and human health, thorough research should 
be carried out. Currently, Peru produces more gold – both legal 
and illegal – than any other country in South America. In 2013, 
illegal gold mining was reported in 21 of the 26 provinces in the 
country. Moreover, in Madre de Dios Province, 90% of gold (up 
to 18 tonnes of gold per year) is mined illegally (Wagner 2016). In 
this region, miners have also entered the Tambopata National 
Reserve, an area of globally unique diversity and containing 
many endemic species that are listed by the International Union 
for Conservation of Nature and Natural Resources. Large areas of 
Madre de Dios are covered with tropical rainforests and are home 

to many indigenous tribes (Forest 2012). Both illegal and informal 
mining can, and usually does, lead to serious environmental 
problems (Butler 2012). Many problems are caused by factors such 
as the geology of the mine site, the climate, hydrology, the use of 
heavy machinery, dangerous substances, etc.

The drainage of acids, related to the weathering of sulphide 
minerals like pyrite, can lead to a rise in the acidity of water in 
surrounding areas along with heavy metal contamination (Viljo 
et al. 2003). The issue of the remote sensing of heavy metals in 
the environment has been raised in many pieces of research, 
including that of Zagajewski (2000). However, contamination 
with mercury is considered to be the biggest threat to local 
populations. It has been estimated that every year about 30 
tonnes of mercury are dumped into the waters of the Amazon 
region (Wagner 2016). Other calculations show that more than 
120 tonnes of mercury are used every year in artisanal mining 
in Peru. In 2009, it was estimated that 130 tonnes of mercury 
are imported annually and about 95% of this is used in informal 
or illegal gold mining (Swenson et al. 2011). Mercury is commonly 
used in the amalgamation process of gold mining. To recover 
gold, amalgam is burnt in order to burn off the mercury, which 
is released into the air, soil and water as a result. Very often 
mercury is also carelessly dumped into the environment (Heck 
2014). The use of remote sensing methods to observe the state 
of the environment, alerted by mining operations or other human 
actions, is becoming an important tool as it is considered to be 
time- and cost-efficient. In recent years there has been growing 
interest in the use of satellite data, as more and more data is 
available at no cost and is easy to order. Various approaches 
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have been proposed in recent years. One example is the Litov 
dump in the Czech Republic, where jarosite/oxy-hydroxies were 
mapped, suggesting the usability of data delivered by Sentinel-2 
to observe Acid Mine Drainage (AMD) (Kopačková 2019). Also, Seifi 
et al. (2019) reach the conclusion that Sentinel-2 data have the 
potential to be used in observing AMD-associated products. In 
other research, Lobo et al. (2017) present the usefulness of the data 
provided by Sentinel-2 in terms of obtaining information on mine 
sites such as their scale. A broad discussion on the use of remote 
sensing to observe the impact of mining on the environment has 
also been presented by Chavrel (2016).

Deforestation is another issue threatening the Amazon 
Rainforest, with an estimated area loss of 1,680 km2 between 2001 
and 2013 (Wagner 2016). In September 2012 in the Madre de Dios 
region, deforestation reached the level of 50 thousand hectares. 
A number of studies using remote sensing data have been carried 
out in order to track deforestation (e.g. Müller 2015; Olofsson et al. 
2016; Viña, Echavarria & Rundquist  2004). Furthermore, very detailed 
research using satellite data for tracking forest changes was 
carried out by Asner & Tupayachi (2016). Huge damage is also done 
to soils and general morphology. Illegal and informal mining in this 
region involves the transport of large volumes of material (mostly 
gravel); this damages the natural vegetation and soils, thereby 
causing erosion and the reduced possibility of re-establishing 
natural plant coverage. This also leads to the destruction of the 
most fertile agricultural lands in the region. Another problem is 
the increase of suspended solids in the watercourses due to the 
washing out of clay minerals and other material from bedrocks. 
This causes a higher level of turbidity in river streams which 
affects aquatic life, changes the morphology of the banks and 
riverbeds, and generally reduces water quality (Heck 2014). 

Geology background
Madre de Dios Province (Fig. 1) is located within the 

Amazonian Craton (Umberto et al. 2016). According to INGEMMET 
(2011), the whole area of research is covered with quaternary 
alluvial deposits, mostly Pleistocene. Holocene sediments are 
located along bigger rivers like the Madre de Dios (Rio Madre 
de Dios). 

The Madre de Dios alluvial plain consists mostly of gravels, 
sands, clays, and silts. The thickness of the sediment can be up to 
40 metres. The presence of gold is related to river erosion of the 

Cordillera Oriental. Two main types of gold deposits can be found 
in the Madre de Dios region. The first is piedmont gold deposits 
directly related to the erosion of the eastern mountain range in 
Pliocene. The second type of deposits, which are the focus of 
this research, are those of the alluvial plain, among which two 
separate categories can be distinguished: the current deposits 
and the deposits of the alluvial plain. The current deposits are 
those located on riverbank beaches and river bottoms as a result 
of annual accumulation. The mineralization of gold in sediments 
ranges from 0.5 to 5 g/m3. The gold deposits of the alluvial plain 
are the effect of long-term uninterrupted accumulation and gold 
mineralization and can be as much as 25 g/m3. However, these 
gold-bearing layers are covered by a few metres of thick fluvial 
sediments (Lanckneus 1991).

Methods
The main focus of the experiments was to calculate 

indices based on remote sensing data that allow changes in the 
environment to be observed. The analysed data included two main 
images of the Madre de Dios region. The first was obtained by 
Landsat 7 on 30 August 2001 (ID: LE07_L1TP_003069_2001083
0_20170203_01_T1); the second was obtained by Sentinel-2 on 
24 July 2017 (ID: L1C_T19LCF_A010904_20170724T150005). 
During image selection, aspects such as the dry season and 
lack of clouds were taken into consideration. The first image was 
sensed by a Landsat mission a few years before the gold rush 
started in this particular part of the region; the latter one was 
obtained 10 years after the first mining activity (WRI 2018). For this 
study, an area of interest has been designated (Fig. 2), taking into 
account the places where illegal exploitation occurs. For more 
detailed figures, a smaller part of the area has been chosen. For 
the analysis presented below, the numbers in the formula of the 
given index denote the Sentinel-2 satellite band.

Normalized Difference Vegetation Index (NDVI)
Loss of tree cover can be seen on the raw, unprocessed 

images but to obtain accurate estimations, the NDVI ratio was 
calculated (Rouse 1973). The two images described in the previous 
section were compared, as is shown in Figure 3. Both of them 
were pre-processed by applying Top of Atmosphere correction 
and converted to Surface Reflectance using DOS-1; the 
images delivered by Sentinel-2 were also converted to SR. All 

Figure 1. Location of the area of interest
Source: Own elaboration
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Figure 2. The appearance of the mine site revealed on satellite images. Left: 30 August 2001 (Landsat 7 imagery); right: 24 July 2017 
(Sentinel-2 imagery)
Source: Own elaboration

Figure 3. Vegetation loss visible through the NDVI ratio. Left: 30 August 2001 (Landsat 7 imagery); right: 24 July 2017 (Sentinel-2 imagery)
Source: Own elaboration



Vol. 25 • No. 4 • 2021 • pp. 205-212 • ISSN: 2084-6118 • DOI: 10.2478/mgrsd-2020-0028 
MISCELLANEA GEOGRAPHICA – REGIONAL STUDIES ON DEVELOPMENT

208

of the pre-processing was carried out using the Semi-Automatic 
Classification Plugin (QGIS) (Congedo 2016). The tree cover loss 
in the chosen test area was calculated as the difference in pixels 
representing vegetation between the 2001 image and the 2017 
image.

In order to obtain more information, three main geology 
indices were calculated and analysed. This was to help 
interpret the current environmental chemistry and to predict the 
scale of damage. As previously described, the entire research 
area is located in the alluvial plain of Madre de Dios. Due to 
deforestation and the loss of the top layers (mostly silt, clay and 
sandy clay) (Lanckneus 1991), the basic environmental chemistry 
can be observed by analysing the mineral groups. The image 
delivered by Sentinel-2 was used for this purpose. The three 
maps of indices described in the following subsections have 
been generated and post-processed as required. Many pixels 
highlighted, for example, as abundant in clay minerals were in the 
shadow of clouds, which could cause the wrong interpretation. 
As pixels with poor solar illumination may lead to false results 
(Knepper 2010) they were excluded from the analysis. With the help 
of the NDVI ratio, pixels representing water and vegetation have 
also been masked. The final step was to set thresholds for indices 
by leaving only the pixels with the highest values in order to limit 
the results to areas with the highest abundance of particular 
minerals (Rockwell 2013). For this, the distribution of mean and 
standard deviation has been analysed. To provide statistically 
representative values for all indices bootstrap analyses were 
performed. For figures 4–7 the darker the colour on the colour 
map scale, the higher the probability that a given mineral or 
mineral group is in greater abundance. 

Ferrous iron mineral group
The ferrous iron mineral group was calculated as (3+11)/

(4+8a) ((Green + SWIR) / (Red + Narrow NIR)) (Lupa & Lesniak 

2015). The ferrous iron ratio allows areas to be identified where 
iron in the +2 oxidation state is abundant (Rockwell 2013). This is 
helpful when tracking pyrite weathering as ferrous iron (Fe2+) 
is produced when pyrite is exposed to water and atmospheric 
oxygen; with future access to atmospheric oxygen, it then 
oxidizes into ferric iron (Fe3+) (Persson 2009). This ratio can also 
highlight areas where coarse-grained ferric iron, moist soils or fire 
ashes are present (Rockwell 2013). Due to the geology of the area 
in question, it can be expected that the ratio will highlight ferrous 
iron or moist soils. As described by Persson (2008), the weathering 
of minerals that results in the appearance of Fe2+ needs time. It 
is very likely, due to the fact that mining activity has only recently 
begun in the area in question, that the distinguished pixels (Fig. 
4) are mostly related to wet soils. In comparison, the ratio at the 
Rio Huaypetue mine site (located about 50 km to the west) (Fig. 
5), which has been operating much longer (at least since the 
nineties), presents much higher values. 

Minor ferric iron mineral group
The minor ferric iron mineral group was calculated as (4/2) 

(Red / Blue) (Lupa & Lesniak 2015).   Minor ferric iron identifies areas 
where minerals like jarosite, goethite and hematite occur (Rockwell 
2013). The first two can be considered as products of weathered 
pyrite minerals (Tutor et al. 2013) which appear in the later stages of 
weathering reactions (Persson 2008). It can be seen in Figure 6 that 
the ratio indications have highlighted the areas within ongoing 
mining operations. 

Clay-sulphate-mica-marble mineral group
The clay-sulphate-mica-marble mineral group was 

calculated as (8a/4) (Narrow NIR / Red) (Lupa & Lesniak 2015). 
The clay index shows the presence of many minerals from the 
clay-sulphate-mica-marble group (Rockwell 2013). Taking account 
of the geology of the alluvial plain of Madre de Dios, it can be 

Figure 4. Zoomed part of the area of interest with ferrous iron index mineral group (ferrous iron – coarse-grained ferric iron – moist 
soils – fire ashes) highlighted
Source: Own elaboration
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Figure 5. Zoomed part of the Rio Huaypetue mine site with ferrous iron index mineral group (ferrous iron – coarse-grained ferric iron 
– moist soils – fire ashes) highlighted
Source: Own elaboration

Figure 6. Zoomed part of the area of interest with ferric iron index mineral group (minor ferric iron) highlighted
Source: Own elaboration
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reasonably assumed that the ratio highlights are related to clay 
minerals and sulphates being a product of pyrite weathering  
(Fig. 7).

Discussion
Analyses of the obtained data can provide a variety of 

information that helps on a basic level to both understand the 
current situation at mine sites and state the risk of the propagation 
of pollution. This study confirms the usefulness of remote 
sensing in this case as illegal mining sites can be easily seen 
on the satellite images, as is shown in Figure 2; this suggests 
that remote sensing is an accurate tool for the detection of illegal 
activity in hard-to-reach areas.

Satellite images are considered to be one of the easiest 
ways to obtain data related to vegetation loss in remote areas 
such as the Amazon Rainforest. The tree cover loss analysis 
revealed significant changes in the amount of vegetation in this 
particular part of the region. For the area of interest (930 km2 in 
size) tree cover loss was estimated for roughly 147 km2 (about 
17% of the total area) (Fig. 3). Nevertheless, it should be noted 
that some part of the loss in vegetation cover may also have been 
caused by factors other than mining (such as road construction 
or agriculture). Moreover, the fact that the data come from two 
different sensors (Landsat 7 and Sentinel-2) may also affect the 
results. Therefore, the quality of the research would be improved 
if harmonized data was used, such as those provided by the HLS 
project (Claverie et al. 2018). 

The examination of the geology indices strongly suggests 
that the processes of weathering pyrite are in progress. The 
weathering of pyrite can lead to increased Acid Mine Drainage 
(AMD) and thus the risk of the release of acid into the waters of 
the Madre de Dios river and indirectly, into the Amazon River. The 
increasing levels of heavy metal pollution is an important problem 
associated with AMD (Lei et al. 2010). Furthermore, as described in 

the introduction, the area in question is also highly contaminated 
with mercury. The presence of clay minerals (Fig. 7), capable 
of binding metal ions and transporting them downstream, 
points to the likelihood of an increasing level of heavy metal 
contamination that is a real threat to local communities and to any 
life downstream on the Amazon River (Persson 2009). This process 
brings the risk of contamination with heavy metals, not only of 
mine sites but also of areas along the riverbanks. The results 
show a lack of minerals from the clay-sulphate-mica-marble 
group in central areas (and occupying a large part) of the mines, 
which has strengthened the view that bright tones of imagery 
are related to sands and gravel from which clay minerals have 
been washed out. This phenomenon is alarming as rebuilding the 
vegetation and the previous state of the forest in such areas can 
be very difficult. Moreover, it should be stressed that the results 
provided by the indicators for the area in question are mostly 
related to spectral answers from weathering minerals causing 
the response to be weaker than in the case of primary minerals. 
It can thus be reasonably assumed that the highlighted pixels 
are those that have significant indices values. It is plausible that 
this research has a number of limitations, including the resolution 
of the imagery, above all. The spatial resolution of the Landsat 
7 data used is 30 m (ESA) and 10 m for Sentinel-2 data (ESA 
[3]), presenting mixed pixels, which can influence the analysis 
negatively. In perfect weather conditions, imagery can be obtained 
every five days (as this is the revisit time of Sentinel-2) (ESA 
[2]). However, this can be very limited due to weather conditions, 
especially during the rainy season when it is extremely hard to 
acquire cloudless imagery. 

Finally, the spectral resolution of data is an important 
limitation of this study. A much more detailed analysis would be 
possible using hyperspectral data. It is not possible to track the 
presence of particular metals using the spectral resolution of 
either Landsat 7 or Sentinel-2 imagery. 

Figure 7. Zoomed part of the area of interest with clay-sulphate-mica-marble index mineral group (minor ferric iron) highlighted
Source: Own elaboration
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Conclusion
The aim of this research was to investigate the usage of 

satellite data to assess the state of the environment affected 
by illegal gold mining, using the example of the Madre de Dios 
region. It should be stressed that the area considered for this 
research needs special protection as it is one of the world’s 
most precious regions. The scale of illegal mining in Madre de 
Dios is out of control and poses a real threat to this region of the 
world that is considered a natural treasure. Taken together, the 
results of this research suggest that satellite date can reveal the 
basic environmental condition of the chosen part of the Amazon 
Rainforest. Data acquired by Landsat and the Sentinel mission 
have been used for this study.

 The NDVI ratio can be helpful for many tasks, including 
determining the boundaries of an illegal mine site and observing 
changes in its shape. Furthermore, tree loss is a real threat to the 
Amazon region and it needs to be monitored; this study found 
tree loss in the area in question to be at 17% over the years 
2001–2017. Calculation and analysis of geological indices allow 
weathering processes and the leaching of clay minerals to be 
observed. The results suggest that the processes of weathering 
pyrite take place within the mine site, which may lead to further 
deterioration of the environment in this area. The same conclusion 
applies to the leaching of clay minerals, due to their impact on 
the transport of pollutants, and to the difficulties concerning the 

natural regeneration of vegetation within gravelly-sandy areas 
arising from mining activities. The calculations described can be 
performed quickly and simply using free-access data and open 
software. 

Finally, limitations need to be considered, including spectral, 
time and spatial resolution of data. The results should be read 
with caution, taking the specifics of the indices into consideration, 
as well as the geology of the region. Despite this, it has been 
proven that remote sensing methods can provide satisfactory 
information about illegal mine sites. Information gathered during 
this research could support decision-makers in determining 
which areas require immediate protection and which are at 
risk of pollution; they can do this relatively quickly and with no 
additional cost. Moreover, the information collected could help in 
the planning of more detailed field research.  
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