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Abstract 

Arsenopyrite-rich wastes from former metalliferous mines in the Massif Central 
Region, France, contribute, through intensive leaching, to the formation of thin 
layers of As-Fe crusts on the tailing surfaces acting as a cement. When subject to 
rainfall, acid mine drainage develops, As is remobilized and trapped secondarily 
by oxyhydroxides or sulphates such as goethite, hematite, jarosite, etc., 
depending on water pH. The aim of this study is to assess the potential of 
hyperspectral remote sensing in this particular environment (small outcrops, 
important leaching process, vegetated environment). Samples were collected in 
the field from tailings and stream bottoms in various sites. Reflectance spectra of 
the samples were acquired in the laboratory using a field spectrometer under 
artificial illumination (0.4–2.5 µm spectral range). Mineral composition was 
estimated by comparing reflectance spectra to reference spectral libraries. This 
was done after continuum removal, using two different techniques, in order to 
minimize the influence of factors such as grain size or moisture content. 
Geochemical and SEM-EDS analyses were performed to gather information on 
the mineralogy. Preliminary results from spectral analyses show clear evidence 
of jarosite, goethite or limonite, schwertmannite and scheelite in various 
proportions, depending on crust types, confirmed by SEM-EDS analyses.  
Keywords:  surface spectral reflectance, mine wastes, continuum removal, iron 
oxyhydroxides. 
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1 Introduction 

Mining activities generate a multiform pollution due to sulphides oxidation 
present in the tailings. Their contact with atmospheric conditions can lead to 
Acid Mine Drainage (AMD) (Johnson and Thornton [1]; Webster et al. [2]), a 
remobilisation of toxic elements (As, S, Pb, …) which could be immobilized in 
the sediments, the soils, by a more or less stable trapping. Some of these 
elements can be temporarily fixed in different ways: precipitation as oxides, 
hydroxides or sulphates (Herbert [3]), and absorption onto different materials 
(Karathanasis and Thompson [4]).  Due to its presence as a major element 
accompanying many types of ore deposits, As is present in numerous mining 
areas. Because of its toxicity, its solubility has been extensively studied (e.g. 
Azcue et al. [5]; Hunt and Howard [6]; Roussel et al. [7]). Richardson and 
Vaughan [8] studied the early stages of arsenopyrite oxidation using 
spectroscopic investigations. They showed that in conditions of low pH, such as 
those found in tailings dumps, arsenopyrite oxidizes rapidly and forms highly 
soluble As compounds as well as Fe(II) or Fe(III) arsenites or arsenates. 
According to local chemical conditions, As, Fe and S may be exported in 
drainage waters (Nesbitt et al. [9]; Savage et al. [10]). These elements could 
precipitate as authigenic minerals (Scott [11]; Jambor [12]) or amorphous 
material or can be adsorbed onto Fe oxides, hydroxides, or suspended material 
(Pierce and Moore [13]; Tsung-Hui et al. [14]; Manning et al. [15]).  

In the French Massif Central, mining activities were greatly developed in the 
twentieth century. Thus, before the 1980’s abundant mining tailings were 
generated and laid in dumps without any remediation. The present study focuses 
on one site, the site of Enguialès, located in the Aveyron Department, France 
(Figure 1), which was slightly remediated. Courtin-Nomade et al. [16] provided 
a detailed description of mineralogical and geochemical conditions of the tailings 
which is used as a reference for analyzing the spectral information. As-rich Fe 
cements are well developed as weathering crusts within the dumps. The size of 
the site (roughly 1 km2) is well suited for estimating the efficiency of 
hyperspectral reflectance data, a non-destructive approach, to identify and map 
the various minerals that could potentially be used as markers for As 
contamination. Previous studies on other sites clearly showed (see for example 
Swayze et al. [17]) that hyperspectral reflectance data allow to identify mineral 
phases onto which As can be adsorbed (iron oxyhydroxides, clays) based on 
diagnostic absorption features. Moreover, mineral assemblages can be used as 
indicator of acidity or chemical conditions that can control As mobility in soils 
and rivers. 

We present preliminary results on the potential of hyperspectral surface 
reflectance measurements to identify mineralogical phases susceptible to have 
high As concentration and/or mineral associations indicative of soil acidity in 
such a specific context. More classical approaches such as mineralogical, 
chemical and SEM-EDS analyses were also used to validate these identifications.  
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1.1 Site description 

This tungstiferous deposit is located in the “La Châtaigneraie” district, in the 
south of the French Massif Central (Figure 1). Mineralized veins are mainly 
composed of wolframite, scheelite, pyrite and arsenopyrite. The mining activities 
ceased in 1979. The tailings represent 300 000 t directly spread out in a steep 
slope (~35°) on about 22 000 m2. The tailings are disposed as a pile ravined by 
AMD and meteoric waters. The remediation that was done on this site consisted 
of closing galleries access and gathering all the waters in only one dewatering 
point, which induced AMD phenomenon. Currently only the meteoric waters 
circulate across the tailings. Nevertheless, the Eh-pH conditions are oxidant and 
always very acidic with pH = 2.8 +/- 0.3. The oxidation of the tailings is 
expressed by local iron oxyhydroxides crusts, especially well developed in the 
gullies. Grains of ore gangue (quartz, muscovite and tourmaline) mainly 
constitute these iron crusts. These primary minerals are bound by a Fe-As rich 
cement. The richest As product corresponds to an amorphous iron “arsenate” 
which is mainly observed in the ochre cement rather than in the red cement. In 
the current Eh-pH conditions in Enguialès, the estimated solubilities show a high 
potentiality to release As from the identified amorphous arsenate. On the 
contrary, the most crystallized products as goethite or jarosite, in which As is 
also trapped (Courtin-Nomade et al. [18]), appear as stable minerals in the long 
term (Stahl et al. [19]).  
 
 

 
 
Figure 1:  The Enguialès mine test site: General view and site location (after 

Courtin-Nomade et al. [16]). 
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1.2 Sample collection 

The various surface types that can be observed at the tailings surface were 
sampled in the field in December 2002. Only the surface was scraped in order to 
be representative of what can be observed by field or airborne hyperspectral 
instruments. Samples collection was based on surficial visual characteristics 
(color and aspect). When compared to descriptions published in the literature for 
this site (Courtin-Nomade et al. [16]; Courtin-Nomade et al. [18]), they could be 
attributed to 5 main categories: (1) micaschists (in place bedrock); (2) grey sand; 
(3) ochre cement; (4) red cement and (5) dark-reddish cement. 

2 Spectral analyses 

Spectral absorption features observed in the visible to short-wave infrared 
wavelength region result from several distinct processes. In the spectral range 
from 0.4 to 1.2 µm, absorption features are produced mainly by energy level 
changes in the valence of transition metals (crystal field transitions), by paired 
excitations of metal cations, or by charge transfer between metal cations and 
their associated ligands (Hunt and Ashley [20]; Sherman and Waite [21]; 
Burns [22]; Clark [23]). Absorption features in the SWIR region (1.3–2.5 µm) 
are generated by molecular vibration processes: for example, the 1.4 and 1.9 µm 
absorptions are related to the first overtones of the water O-H stretching 
fundamentals and the combination water O-H stretching with H-O-H bending 
vibrations, respectively (Hunt et al. [24]). 

Laboratory spectral measurements in the VIS-SWIR spectral range of 
samples of the five surface types were recorded using a Spectralon TM white 
reference standard and an ASD FieldSpec FR spectrometer under artificial 
illumination. Figure 2 shows the resulting reflectance spectra. The five spectral 
signatures are rather different and show most of their distinctive absorption 
features in the visible-near infrared (VNIR). The drop-off toward the U.V. 
corresponds to charge transfer between ferric cations and adjacent oxygen 
anions. The strong absorption edge between 0.4 and 0.6 µm is related to paired 
excitations between magnetically coupled ferric cations (Sherman & Waite [21], 
Crowley et al. [25]), while the broad absorption bands around 0.9 µm can be 
attributed to crystal field absorption bands in ferric (0.75–0.95 µm) or ferrous 
(0.9–1.1 µm) iron bearing minerals. Features observed around 2.20 µm are 
attributable to the Al-O-H combination bands while those observed between 2.25 
and 2.38 µm are due to Fe-O-H and Mg-O-H combination bands 
(Crowley et al. [25], Clark [23]). Based on these observations, it is clear that the 
different surfaces can be discriminated from one another. The next step consists 
of identifying the various minerals that contribute to their composition using the 
wavelength position of the absorption features. Comparison with spectra of pure 
reference minerals was performed on “raw” spectra and after continuum 
removal. 
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Figure 2: Reflectance spectra of typical surface types. 

2.1 Continuum removal 

The overall shape of a reflectance spectrum (or continuum) is related to physical 
properties of the surface (e.g. grain size, roughness, moisture content, local 
slope, etc.) which may change from place to place despite a homogeneous 
composition. In order to better identify a spectral feature by its wavelength 
position, it must be isolated from these other effects. The first step is continuum 
definition and removal. Following the definition of Clark and Roush [26], the 
continuum needs tie points at local maximum reflectance but there might be no 
stable tie points toward the blue or the infrared for natural surfaces. Therefore, 
the continuum can be defined in different ways: (1) using straight lines in 
wavelength, linking local maxima between absorption features, including 
starting and ending wavelength; this can be called the “straight line” approach 
(Figure 3A); (2) using a gaussian decomposition for the absorption features and a 
straight line in wavenumber for the continuum to overcome the instabilities at 
both end of the spectrum; this is done by the Modified Gaussian Model (MGM) 
developed by Sunshine et al. [27] (Figure 3B). The spectral deconvolution by 
MGM uses a non-linear least-squares analysis. The measured spectrum 
reflectance at a given wavelength is fitted by a superposition of n Gaussian 
distributions (each is defined by three parameters: central wavelength, half-width 
and negative strength) and a continuum curve (slope and intercept for a straight 
line in wavenumber). The inversion process must start with an initial set of 
parameters that includes absorption band centers and full width at half 
maximum. These parameters are chosen by observing the spectral shapes and 
following a priori knowledge about spectral characteristics (Figure 3B). 
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Once the continuum line is established, the continuum-removed spectra are 
calculated by dividing the original reflectance values by the corresponding 
values of the continuum line. As the tie points can be different for the various 
surfaces depending in their mineralogical composition, the spectra were treated 
globally. 
 

 

 
 
Figure 3:  A - Continuum removal using the “straight line” approach; solid line: 

original spectrum (bottom) and after continuum removal (top), dashed 
line: continuum. B - Principle of the spectral modelling using the 
MGM; solid line: original spectrum (bottom) and after continuum 
removal (top), dashed line: continuum, dotted line: gaussian functions 
used to model the original spectrum. 
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2.2 Mineral discrimination based on spectral features 

A reference spectral database, published by Crowley et al. [25] containing the 
main minerals that can be encountered in sulphide-rich mine waste piles was 
used. Only minerals supposed to be stable in the environmental conditions of our 
test site (exposed settings, dry conditions), were selected for comparison. 
Primary ore minerals (muscovite, scheelite or dravite) were also included but not 
quartz or feldspar since these minerals, although present, do not show any 
absorption features in the wavelength range considered here. A list of reference 
minerals and formula is presented in Table 1. The 1.4 and 1.9 µm absorption 
features attributable to H2O were excluded of the identification procedure since 
they are present in most minerals and therefore not discriminant. 
 

Table 1: Reference database mineral names and formula. 
 

Mineral Formula 
Dravite (Tourmaline) NaMg3(Al,Fe)6Si6O18(BO3)3(OH)4 
Ferrihydrite 5Fe2

3+O3*9H2O 
Fibroferrite Fe3+(SO4)(OH)*5H2O 
Goethite α-Fe3+O(OH) 
Hematite α-Fe2

3+O3 
Jarosite KFe3

3+(SO4)2(OH)6 
Limonite Mixture of hydrated iron oxides 
Muscovite KAl2(AlSi3)O10(OH)2 
Paracoquimbite Fe2

3+(SO4)3*9H2O 
Rozenite Fe2+SO4*4H2O 
Scheelite CaWO4 
Schwertmannite Fe16

3+O16(OH)12(SO4)2 
Szomolnokite Fe2+SO4*H2O 

2.2.1 “Raw” spectra 
Precise location of absorption features is more difficult to define on raw 
reflectance spectra, particularly in the case of broad absorptions. In a first 
approximation, jarosite was identified in grey sand, micaschists and dark-reddish 
cement. Goethite is found in ochre and red cement, schwertmannite in 
micaschists and possibly in dark-reddish cement. Scheelite is present in grey 
sand, micaschists and ochre cement and muscovite in dark-reddish cement. 

2.2.2 “Straight line” continuum removal 
Removing the continuum helps locating more precisely the absorption positions. 
Results show that it is more likely that hematite rather than goethite is present, or 
more probably a mixture of hydrated iron oxides such as limonite, based on the 
position of the broad absorption feature around 0.9 µm. The presence of jarosite 
in micaschists and grey cement, and of schwertmannite in dark-reddish cement is 
confirmed. Dravite is clearly present in micaschists and possibly in grey sand 
and ochre cement. Exact match with scheelite and muscovite is difficult probably 
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because of mixing effects, and of the close positions of their absorption features 
around 2.20 µm. 

2.2.3 Using MGM gaussian function positions 
Deconvolution of spectra using the MGM produces more gaussian functions than 
“realistic” absorption features. Therefore, it is harder to decipher the results. This 
technique appears also highly sensitive to input parameters which require some a 
priori knowledge. Several runs were necessary to adjust the parameters and reach 
a reasonable fit. Although the wavelength positions of the gaussian function did 
not exactly match the absorption positions determined in the previous steps, the 
presence of scheelite in grey sand and of hematite rather than goethite was 
confirmed. This approach requires further improvement in order to be 
operational on spectra of natural surfaces. A thorough sensitivity analysis of the 
deconvolution to input parameters is also required.  

3 SEM-EDS and XRD data 

XRD, performed on a limited number of samples due to time constraints, 
confirmed the presence of jarosite, dravite and muscovite in the ochre cement. 
Indications of quartz and chlorite or serpentine were also found but not for clays. 
SEM-EDS analyses were performed on minerals appearing to be statistically 
representative of the samples. These analyses confirmed the presence of primary 
ore minerals such as muscovite, quartz, feldspar and garnet as well as pyrite, 
ferberite or wolframite [(Fe, Mn)WO4]. Hydroxides, hydrated arsenates and 
phosphates, also present, were harder to identify since (OH) or (H2O) quantities 
cannot be estimated accurately with this technique.  

4 Conclusion 

These preliminary results show that identifying specific minerals present in 
cements developed at the surface of tailings can be complicated. In principle, 
many ferric oxide and sulphate minerals should be distinguishable by using field 
spectral measurements, as well as existing hyperspectral sensors. In practice 
however the ability to discern individual iron sulphate or oxide species is limited 
by the occurrence of the minerals in complex mixtures with each other and with 
other surficial materials. Mineral mixing, grain size and mineral composition are 
important factors influencing the spectral signature, making direct comparison 
between reference and measured reflectance spectra difficult. Selecting the 
proper endmembers to perform spectral unmixing is rather complicated because 
of the different sources of changes previously mentioned. This study showed that 
removing the continuum improved identification as it allows one to focus on 
absorption wavelength positions. It might be necessary to work on specific 
absorptions individually to improve the results. Using the MGM technique 
should give access to more quantitative information such as absorption depth and 
area that can be related to concentration or fractional composition but this 
approach needs to be more thoroughly evaluated when applied to natural 
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surfaces. Its sensitivity to input parameters needs to be characterized. Finally, 
detailed analysis of the chemical and mineralogical composition of the samples 
is necessary to better understand the optical properties of such surfaces. 
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