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Abstract 
Airborne hyperspectral imagery recorded by the NASA’s Next Generation Advanced Visible/Infrared Imaging Spectrometer 

(AVIRIS-NG) was analyzed for environmental mapping of the Rio Tinto mining district in southwestern Spain. The Rio Tinto 

mining district contains a giant world-class polymetallic sulfide deposit that has been mined from the antiquity to the modern times. 

The mining and ore processing activities have created large areas covered by sulfide-bearing mine waste, tailings, flooded open 

pits, slags, galleries and other mining facilities. The sulfide-bearing mine waste generates acid mine drainage (AMD) that 

contaminates the fluvial network. The Rio Tinto River is one of most AMD contaminated rivers in the world. Many secondary 

minerals associated with sulfide-bearing mine waste have diagnostic reflectance spectra due to absorptions of ferric and ferrous 

iron, water and hydroxyl. The mapping of the surface distribution of these secondary minerals is useful for environmental studies. 

The AVIRIS-NG radiance data were converted to surface reflectance using the Fast Line-of-sight Atmospheric Analysis of 

Hypercubes model. The AVIRIS-NG imagery was analyzed using the spectral mixture analysis. The AVIRIS-NG accurately 

mapped acid water, jarosite, goethite, hematite, melanterite, rozenite, copiapite, gypsum, undifferentiated metal sulfate hydrates, 

sericite and kaolinite. Acid waters occur in the tailings ponds, in the Rio Tinto River, and in various other locations within the study 

area. Jarosite, goethite and hematite are the predominant secondary iron minerals in the areas covered by sulfide-bearing mine 

waste. These secondary iron minerals are indicators of acid mine drainage generation. In few locations were distinguished from the 

AVIRIS-NG data the mineral melanterite and its dehydration product rozenite. The study gives new information on the surface 

distribution of environmentally important secondary iron minerals in the Rio Tinto mining district in southwestern Spain. The 

mapping results produced by the analysis of the AVIRIS-NG data can be useful to the environmental studies concerned with the 

pollution from acid mine drainage of the fluvial network of the area. 

Keywords: Rio Tinto mining district, sulfides, mine waste, acid mine drainage, AVIRIS-NG. 

 

Uso de imagens AVIRIS-NG da NASA para mapeamento ambiental no distrito de 

mineração de Rio Tinto, sudoeste da Espanha 

Resumo 

As imagens hiperespectrais aerotransportadas registradas pelo espectrômetro avançado de imagens visíveis/infravermelhas da 

NASA (AVIRIS-NG) foram analisadas para o mapeamento ambiental do distrito de mineração de Rio Tinto, no sudoeste da 

Espanha. O distrito de mineração de Rio Tinto contém um gigantesco depósito de sulfeto polimetálico de classe mundial que foi 

extraído desde a antiguidade até os tempos modernos. As atividades de mineração e processamento de minério criaram grandes 

áreas cobertas por resíduos de mineração contendo sulfeto, rejeitos, minas a céu aberto inundadas, escórias, galerias e outras 

instalações de mineração. Os rejeitos de mineração contendo sulfetos geram drenagem ácida de mina (DAM) que contamina a 

rede fluvial. O rio Rio Tinto é um dos rios mais contaminados pela AMD no mundo. Muitos minerais secundários associados 

com rejeitos de mina contendo sulfetos têm espectros de refletância diagnósticos devido a absorções de ferro férrico e ferroso, 

água e hidroxila. O mapeamento da distribuição superficial desses minerais secundários é útil para estudos ambientais. Os dados 

de radiância do AVIRIS-NG foram convertidos em refletância de superfície usando o modelo de Análise Atmosférica de Linha 

de Visão Rápida de Hipercubos. As imagens do AVIRIS-NG foram analisadas usando a análise de mistura espectral. O AVIRIS-
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NG mapeou com precisão água ácida, jarosita, goethita, hematita, melanterita, rozenita, copiapita, gesso, hidratos de sulfato de 

metal indiferenciado, sericita e caulinita. Águas ácidas ocorrem nas lagoas de rejeitos, no rio Rio Tinto e em vários outros locais 

dentro da área de estudo. Jarosita, goetita e hematita são os minerais de ferro secundários predominantes nas áreas cobertas por 

rejeitos de mineração contendo sulfetos. Esses minerais de ferro secundários são indicadores de geração de drenagem ácida de 

mina. Em poucos locais foram distinguidos dos dados do AVIRIS-NG o mineral melanterita e seu produto de desidratação 

rozenita. O estudo fornece novas informações sobre a distribuição superficial de minerais de ferro secundário de importância 

ambiental no distrito de mineração de Rio Tinto, no sudoeste da Espanha. Os resultados do mapeamento produzidos pela análise 

dos dados do AVIRIS-NG podem ser úteis para os estudos ambientais relacionados com a poluição por drenagem ácida de mina 

da rede fluvial da área.

1. Introduction 

 
The Rio Tinto volcanogenic massive 

sulfide deposit in southwestern Spain is a giant 

world-class polymetallic sulfide deposit (e.g., 

Pascual et al., 2021). The Rio Tinto ore deposit 

occurs in a volcanogenic sedimentary complex of 

Devonian-Carboniferous age that consists of 

dacites, basalts and layers of a phyllite sequence. 

The Rio Tinto ore deposit has been mined for 

copper, zinc, lead, gold, silver, etc., since before 

the Roman times and the mining activities 

continue to the present days (Olías and Nieto, 

2015).

 

 

Figure 1. Schematic map of the Rio Tinto mining district in southwestern Spain (modified from Olías et al., 

2020). The dashed black line shows the approximate spatial extent of AVIRIS-NG data analyzed in this 

study.

The ore extraction and processing at the Rio 

Tinto mining district has created large areas 

covered by waste dumps, tailings, flooded open 

pits, slags, galleries and other mining facilities 

(Figure 1). The weathering of sulfides (pyrite, 

pyrrhotite, etc.) in the surface, generates 

considerable acid mine drainage (AMD) that 

gives the characteristic red color to the Rio Tinto 

River (Figure 2; Olías et al., 2020). The mining 

of sulfide ores is an AMD pollution source of the 

fluvial network (e.g., de la Torre et al., 2010; 

Elghali et al., 2018; Olías et al., 2011; Olías et al., 
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2020; Cánovas et al., 2021; Córdoba et al., 2022). 

The Rio Tinto River represents one of the most 

AMD contaminated rivers in the world (Olías et 

al., 2020). The water of the Rio Tinto River has a 

pH close to 2.5 and high concentrations of 

pollutants (Olías et al., 2020). It is estimated that 

the AMD from the Rio Tinto mining district will 

continue for hundreds of years (Young, 1997).

 

 

Figure 2. The Rio Tinto River in southwestern Spain, heavily contaminated by acid mine drainage, 

flowing quietly toward the Atlantic Ocean (Photo courtesy of mundoshispanicos.com. Used with 

permission). Note the deep red color of the water.

The Rio Tinto mining district in 

southwestern Spain has also attracted the 

attention of researchers as an environment similar 

to some areas in the planet Mars (e.g., Roach et 

al., 2006; Amils et al., 2007; Sobron et al., 2014; 

Rull et al., 2021). Knowledge on the 

spectroscopic properties of analog terrestrial 

mineral associations are useful to develop criteria 

and detect similar environments on Mars (Roach 

et al., 2006). 

The iron and sulfur driven environment at 

Rio Tinto mining district with its characteristic 

mineralogy composed of iron sulfates and iron 

hydroxides and oxides is of particular interest for 

planetary studies (Buckby et al., 2003; 

Fernández-Remolar, 2005; Amils et al., 2007). 

The Rio Tinto mining district has the potential to 

clarify some of the Martian mineralogic 

observations and provide a testing site for 

recognizing similar settings on Mars (e.g., Roach 

et al., 2006). 

The reflectance spectroscopy is useful for 

the identification of infrared-active minerals 

(Clark, 1999). The hyperspectral technology or 

“imaging spectroscopy” acquires reflectance 

spectra by scanning large areas. In this way, it 

makes possible the production of environmental 

maps of surface composition (e.g., Goetz, 2009). 

The hyperspectral technology has found wide 

application in terrestrial and planetary 

mineralogical studies (e.g., Kruse et al., 2012; 

Carter et al., 2013; Liu et al., 2016; Bedini, 2017). 

A number of studies have applied the 

hyperspectral imagery to environmental mapping 

(e.g., Swayze et al., 2000; Antón-Pacheco et al., 

2001; Choe et al., 2008; Riaza et al., 2011; Riaza 

et al., 2015; Kopačková and Hladíková, 2014; 

Zabcic et al., 2014; Farrand and Bhattacharya, 

2021). 

The NASA’s Advanced Visible/Infrared 

Imaging Spectrometer (AVIRIS) records 

airborne hyperspectral data in the 0.35-2.5 μm 

mailto:info@mundoshispanicos.com
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wavelength region (e.g., Goetz, 2009). A new 

design has been operational since 2014 called the 

Next Generation Advanced Visible/Infrared 

Imaging Spectrometer (AVIRIS-NG). The 

AVIRIS-NG has unprecedented high spectral 

resolution (5 nm) and high signal-to-noise ratio 

making it the state-of-the-art of the hyperspectral 

technology (Chapman et al., 2019). This study 

uses AVIRIS-NG data recorded at the Rio Tinto 

mining district (Figure 3) for environmental 

mapping. A detailed mapping of secondary iron 

minerals, sulfates, acid water etc., is useful to 

environmental research concerned with the 

pollution of the fluvial network that is impacted 

by acid mine drainage generated at the Rio Tinto 

mining district. In addition, the results could also 

be useful for planetary studies related with the 

remote sensing detection of iron sulfates, iron 

hydroxides and oxides. 

2. Materials and methods 

AVIRIS-NG data processing 

The AVIRIS-NG images of Rio Tinto 

mining district were recorded under clear sky 

condition on June 25, 2021 in 425 narrow spectral 

bands. The height of the flight was 5.8 km, 

corresponding to a nominal spatial resolution of 

5.2 m. Two AVIRIS-NG scenes cover most of the 

area of the Rio Tinto mining district. A subset of 

these two scenes was mosaicked. In Figure 3 is 

shown an infrared color composite of the 

AVIRIS-NG image analyzed in this study. The 

AVIRIS-NG radiance data were converted to 

surface reflectance using the Fast Line-of-sight 

Atmospheric Analysis of Hypercubes model 

(Adler-Golden et al., 1998). The AVIRIS-NG 

imagery was processed using the spectral mixture 

analysis (e.g., Roberts et al., 1998; Berman et al., 

2004; Adams and Gillespie, 2006; Bedini et al., 

2009).  

Spectral classes 

In the Rio Tinto mining district the sulfide-

bearing mine waste and the tailings contain a 

range of secondary iron-bearing minerals of 

environmental concern. These secondary 

minerals form during surface weathering of the 

sulfides in the waste dumps and tailings. Many of 

these secondary iron-bearing minerals associated 

with sulfide-bearing mine waste have distinct 

electronic and molecular vibrational spectral 

absorption features (Crowley et al., 2003), 

including the minerals jarosite 

[KFe3+(SO4)2(OH)6], goethite [Fe3+O(OH)], 

hematite [Fe2O3], copiapite 

[Fe2+Fe4
3+(SO4)6(OH)2*20H2O], melanterite 

[Fe2+SO4*7H2O], rozenite [Fe2+SO4*4H2O], 

szomolnokite [Fe2+SO4*H2O]. The secondary 

iron-bearing minerals are indicators of the pH 

conditions and the potential for the contamination 

of the fluvial network (e.g., Crowley et al., 2003). 

The weathering of sulfides and evaporation 

processes generate efflorescent salts and saline 

crusts where also the less soluble minerals 

gypsum [CaSO4*2H2O] and jarosite may occur 

(Pi-Puig et al., 2020; Nieva et al., 2021). Acid 

waters occur within the mining district in the tailings 

ponds, in the open pits etc. The fluvial network is 

impacted from acid mine drainage generated at 

the Rio Tinto mining district (e.g., Olías et al., 

2020; Cánovas et al., 2021; Córdoba et al., 2022). 

A segment of the Rio Tinto River flows within 

the study area (Figure 1). The Rio Tinto River 

contains acid water with very low pH due to 

contamination from acid mine drainage. The acid 

waters have characteristic spectral reflectance 

and can be detected by the analysis of 

hyperspectral imagery (e.g., Riaza et al., 2015). 
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Figure 3. AVIRIS-NG infrared color composite image of the Rio Tinto mining district. The image is a 

mosaic of two AVIRIS-NG scenes. AVIRIS-NG Band 76 (0.75 μm), red; Band 56 (0.65 μm), green; Band 

36 (0.55 μm), blue. In this infrared color composite green vegetation appears in red color. 

 

Figure 4. (a) Reflectance spectra of goethite, hematite, jarosite, sericite and kaolinite from the USGS 

spectral library (Kokaly et al., 2017). (b) Reflectance spectra of several particular iron sulfate hydrate 

minerals (courtesy of J.K Crowley, USGS).



159 
E. Bedini. et al. / Journal of Hyperspectral Remote Sensing 12 (2022) 154-165. 

Sericite and kaolinite are also important 

spectral classes of the Rio Tinto mining district. 

These minerals occur in the phyllite rocks or are 

formed in the hydrothermal alteration processes 

associated with the sulfide mineralization and 

surface weathering of feldspars.   

Reflectance spectra of the main spectral 

classes that occur in the Rio Tinto mining district 

are shown in Figure 4. Reflectance spectra of 

sericite (muscovite, illite) display an intense Al-

OH absorption feature near 2.20 µm (e.g., Clark, 

1999; Kokaly et al., 2017). The reflectance 

spectrum of kaolinite displays a characteristic 

doublet absorption feature at around 2.17–2.20 

μm (e.g., Clark, 1999). Goethite displays a broad 

ferric iron absorption near 0.92 µm and a peak 

near 0.75 µm (e.g., Clark, 1999; Kokaly et al., 

2017). 

Jarosite has a broad ferric iron absorption 

feature near 0.90 µm and a reflectance maximum 

at 0.70 µm (Bishop and Murad, 2005). Jarosite 

displays also diagnostic absorption features in the 

short wave infrared wavelength region (Figure 4a; 

Bishop and Murad, 2005). The reflectance 

spectrum of copiapite (Figure 4b) has a ferric iron 

broad and deep absorption centered at 0.865 µm 

and a peak at 0.676 µm. It has high reflectivity 

between 1.0-1.35 µm, and characteristic water 

and hydroxyl absorption features at around 1.178 

µm, 1.453 µm, 1.768 µm, 1.941 µm and 2.40 µm. 

Melanterite is considered the most 

common ferrous iron sulfate hydrate. The 

reflectance spectrum of melanterite displays a 

doublet absorption typical of crystal field 

transition in ferrous iron with minima located at 

0.89 µm and 1.15 µm (Crowley et al., 2003). 

Characteristic of melanterite is a 

reflectance maximum at around 0.58 µm 

accompanied by strong fall-offs towards the 

ultraviolet and towards the 0.89 µm absorption 

feature. Water and hydroxyl absorptions create a 

typical shape of the reflectance spectrum for the 

metal sulfate hydrates in the 2.0-2.5 µm 

wavelength region similar also for rozenite and 

szomolnokite (Figure 4b). Rozenite has similar 

spectral features with melanterite but shows a 

shift toward longer wavelengths of the 

reflectance maximum at 0.604 µm, and of the 

ferrous iron doublet absorption at 0.978 µm and 

1.17 µm. Szomolnokite displays a reflectance 

maximum at around 0.67 µm, and ferrous iron 

absorptions at around 0.94 µm and 1.328 µm. The 

distinctive absorption at 2.4 µm is attributed to 

the single water molecule in szomolnokite 

structure (Crowley et al., 2003). Both rozenite 

and szomolnokite are dehydration products of 

melanterite. Gypsum and other Ca-sulfates may 

also accumulate in the surface of sulfide mine 

tailings and waste mainly due to evaporation 

processes. Gypsum reflectance spectra show 

distinct triplet bands near 1.4–1.5 μm, and 

multiple features near 2.1–2.3 μm attributed to 

water (e.g., Bishop et al., 2014).

 

 

Figure 5. AVIRIS-NG pixel reflectance spectrum over the contaminated water body in the eastern side of 

the Rio Tinto Mine tailings ponds (see Figures 1).
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The spectral reflectance of contaminated 

water is a combination of the spectral properties 

of water and other infrared active components 

occurring in it, including solutions and suspended 

solids. The color of acid water in the river is 

directly related to the water geochemistry 

(Sánchez España et al. 2005). Red color acid 

water is due to the content of iron colloidal Fe(III). 

Acid waters contaminated by acid mine drainage 

generated from sulfide-ore mining areas exhibit 

reflectance spectra that allow their mapping from 

hyperspectral data (e.g, Figure 5; Riaza et al., 

2015). The tailings ponds at Rio Tinto mining 

district contain acid water on the surface at 

various locations (Figures 1). The Rio Tinto 

River, a segment of which flows within the study 

area (Figure 1), is heavily contaminated by acid 

mine drainage (Olías et al., 2020).  

3. Results and discussion 

The results derived from the analysis of 

the AVIRIS-NG data are shown in Figure 6. The 

AVIRIS-NG mapped acid water, jarosite, 

hematite, goethite, undifferentiated metal sulfate 

hydrates, melanterite/rozenite, copiapite, gypsum, 

sericite and kaolinite. The acid waters are 

distinguished at several locations within the Rio 

Tinto mining district: at the tailings ponds, at the 

lowest level of the Cerro Colorado open pit, in 

few areas associated with mine waste, in the Rio 

Tinto River segment that flows within the study 

area (Figures 1, 6), etc. The quantity and 

distribution of the acid waters within the mining 

district and in the fluvial network is also a 

function of the season of the year and rainfall (e.g., 

Olías et al., 2020).  

Jarosite is mapped in the mine waste and 

tailings ponds, and to a less extent in the open pits. 

Jarosite is an indicator of highly oxidizing, low 

pH condition, being one of the most common 

products of sulfide mineral weathering (e.g., 

Crowley et al., 2003). 

Compared to other iron sulfate minerals, 

jarosite is relatively insoluble and more likely to 

persist in surface weathering environments 

(Alpers et al., 1994). Jarosite is mapped in two 

classes (Figure 6). The first class includes image 

pixels with purer jarosite reflectance spectra, 

while jarosite in the second class shows a higher 

degree of mixtures with goethite, hematite or 

phyllosilicates. Goethite is the most abundant 

secondary iron mineral. It is mapped in the rocks 

exposed on the open pits and in the mine waste 

dumps. The AVIRIS-NG goethite pixel spectra 

are often associated with sericite or kaolinite 

absorption features. 

To be noted that the gossan over the 

sulfide mineralization that has been removed 

from the open pits has also a goethite reflectance 

spectrum. In addition, the gossan material has 

been used in the construction of the tailings ponds, 

which is the reason of goethite being also mapped 

in the tailings ponds borders (Figure 6). 

Hematite shows a certain spatial 

association with jarosite-rich areas on the surface 

of sulfide mine waste dumps. The presence of the 

meta-stable secondary mineral ferrihydrite 

[5Fe2O3*9H2O], and ferrihydrite-hematite 

mixtures are also evident in the AVIRIS-NG data. 

In Figure 6 they are merged in the hematite class. 

The tailings ponds contain metal sulfate hydrates 

of various composition and gypsum due to the 

mineral processing operations and evaporation 

processes. Large areas of the tailings ponds are 

mapped in the class “undifferentiated metal 

sulfate hydrates” (Figure 6). Due to evaporation 

processes the upper oxidized crust of the tailings 

consists of mixtures of various Fe, Mg, Al sulfate 

hydrate minerals and efflorescences (e.g., 

Valente and Gomes, 2009; Dold, 2014). 

Copiapite a mixed valence ferric and 

ferrous iron sulfate hydrate is identified in small 

areas of the sulfide-bearing mine waste and in the 

tailings ponds. Melanterite and its dehydrated 

varieties rozenite and szomolnokite are detected 

by the analysis of the airborne hyperspectral 

AVIRIS-NG image at two localities within the 

Rio Tinto mining district. AVIRIS-NG pixel 

spectra of melanterite and rozenite are shown in 

Figure 7. 

These minerals are also present in other 

areas of the mine waste dumps, at the tailings 

ponds and banks of the Rio Tinto River (e.g., 

Roach et al., 2006). However, the 5.2 m spatial 

resolution of the AVIRIS-NG data and mixtures 

with other infrared-active minerals (goethite, 

jarosite, metal sulfate hydrates, efflorescences 

etc.) may limit the ability of the airborne 

hyperspectral data to discern individual species of 

these iron sulfate minerals.
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Figure 6. Classified AVIRIS-NG image of the Rio Tinto mining district. The grey scale background image 

is AVIRIS-NG band 100.  
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Figure 7. AVIRIS-NG pixel spectra showing the presence of the iron sulfate hydrate minerals melanterite 

and rozenite. A reflectance maximum at 0.58 μm is typical for melanterite. The reflectance maximum for 

rozenite is typically at 0.60 μm. Particular chemical composition or a small degree of mixture with 

szomolnokite may be the cause of the shift of the reflectance maximum to 0.61 μm.

Sericite (muscovite, illite) is abundant as 

the predominant infrared-active mineral in some 

areas of the open pits, mine waste dumps, in the 

unpaved roads etc. There are distinguished 

sericite reflectance spectra with a strong Al-OH 

absorption feature around 2.2 μm, and with a 

weak and shallow Al-OH absorption feature 

around 2.2 μm. The first class is usually 

associated with exposed rocks in the open pits. In 

order to not complicate the readability of the map 

shown in Figure 6, these classes are merged in 

one sericite class. 

Kaolinite has also been mapped at 

several locations in the mining district. 

 

4. Conclusions 

This study analyzed airborne 

hyperspectral remote sensing imagery recorded 

by NASA’s AVIRIS-NG sensor over the Rio 

Tinto mining district in southwestern Spain. The 

AVIRIS-NG accurately mapped the surface 

distribution of several infrared-active minerals in 

the Rio Tinto mining district. The secondary iron 

minerals jarosite, goethite, hematite, copiapite, 

melanterite, rozenite, and other metal sulfate 

hydrates are indicators of the acid mine drainage 

generation in the Rio Tinto mining district, where 

large areas covered by sulfide mine waste and 

tailings of sulfide ore processing occur. Acid 

water was also distinguished from its 

characteristic spectral reflectance properties in a 

segment of the Rio Tinto River that flows within 

the study area, at the tailings ponds and in other 

small zones within the mining district. The 

mapping results produced by the analysis of the 

AVIRIS-NG data can be useful to the 

environmental studies concerned with the 

pollution from acid mine drainage of the fluvial 

network of the area. The study can also serve as a 

guidance for the analysis of satellite 

hyperspectral data in environmental applications.  
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