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Figure 6-39. Overview of NDLI values at different locations in the mining area 

 

 

6.2.2 Monitoring vegetation stress – airborne level 
 

A hyperspectral airborne flight campaign was set up in August 2012 (see previous section 
and Figure 5-20). The Eagle sensor provided 64 spectral bands in the VNIR spectral region 

and a spatial resolution of 0.5 m. Since the airborne hyperspectral data are in the VNIR 
spectral domain, a first goal was to find in this domain a VNIR waveband or vegetation index 
closely correlated with the NDLI. It has to be noticed that this analysis is based on the 
assumption that NDLI is a good heavy metal stress indicator. 

 

Birches wavelengths - NDLI 

  

From a regression analysis, it was found that wavelength 647 nm was slightly correlated with 
NDLI. This wavelength corresponds to a chlorophyll b absorption band, which tells us that 
chlorophyll b concentrations are lower in heavy metal plants. This is supported by previous 
research conducted to establish a relationship between heavy metal content in abandoned 
mines and reflectance characteristics, biochemical composition, and pigment content of the 
plants (Choe et al., 2008). It was concluded that the monitoring of total chl concentration and 
chla to chlb ratio can be used as an early warning system for the toxic effect of metals 
accumulation in plants. 
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Biochemical, physiological, and structural aspects affected by excess Cu and Cd in rice 
included the following: (1) Cd and Cu can inhibit the activities of several antioxidative 
enzymes including superoxide dismutase (SOD), ascorbate peroxidase (APOD), and 
glutathione reductase (GR) (Fernandes & Henriques, 1991); (2) they can inhibit the stomatal 
opening (Barcelo & Poschenrieder, 1990); (3) they damage the photosynthetic apparatus 
(Chien & Kao, 2000); (4) they are substitutes for magnesium (Mg), the central atom of 
chlorophyll, and then reduce the chlorophyll content (Chien, Wang, Lin & Kao, 2001). In 
summary, the main toxic effect of Cu and Cd is the oxidative stress. Heavy metal toxicity in 
rice leaves was assessed by the decrease in chlorophyll and protein contents (Huang et al., 
2009). Greater loss of chlorophyll b content than chlorophyll a was observed especially under 
50 ppm Cd exposure.  

This could also be concluded when applying the ratio index 550/660 nm on all measured leaf 
samples where values are found to be higher in more polluted areas (Figure 6-40). 

 

Figure 6-40. WV2 image displaying the ratio index values R550/R660 for all sampled birch leaves. 

 

Birches RI and SDVI – NDLI 

 

The relation of each possible VNIR standardized and derived standardized index on its 
relation with NDLI is investigated using the linear regression method. 

Standardized indices have the potential of estimating biophysical parameters in a manner 
more meaningful than simple ratio indices due to their inherent characteristic of reducing the 
effects of spectral variations caused by surface topography (Holben and Justice, 1981) and 
sun elevation for different parts of an image. In line with this assumption, the standardized 
difference of the measured spectral reflectance values was calculated for each possible 
combination of two different wavelengths. This standardized difference was then also used 
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as independent variable in a linear regression analysis. This approach allows the selection of 
an optimal standardized difference vegetation index: 

 

21

21
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




SDVI  

 

where i and j are the spectral reflectance at wavelength i and wavelength j, respectively, 

with i and j ranging from 400 to 900 nm. 

The R2 values of the relationship of each SDVI and derivative SDVI with the NDLI values is 
depicted in Figure 6-41. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-41. R² values of relation between standardized indices and NDLI values, right: R² values of 

relation between standardized derivative indices and NDLI values   

 

With maximal R² values of 0.20 and 0.23, no good correlation is found between a VNIR index 

and the NDLI index. The indices that correlated the most with NDLI were 
             

             
  

(R²=0.20) and the derivative index 
             

             
 (R²=0.23) as shown in Figure 6-42. 

 

 

 

 

 

 

 

 

 

 

Figure 6-42. Relation between NDLI left: 
             

             
 and right: 
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From this, we could conclude that, if only VNIR bands are available, chlorophyll related 
indices should perform the best to detect mining impact on vegetation.  

 

This brings us to the analysis of birch trees of the hyperspectral airborne data. A polluted and 
non-polluted birch tree stand was extracted from the airborne hyperspectral images. Figure 

6-43 displays the non-polluted and polluted ROI in the, respectively, upper and lower part of 
the image.  

 

 

Figure 6-43. ROI of non-polluted (top) and polluted area (bottom) with birch trees  

 

The background was masked from the image by calculating the NDVI and keeping only 
those pixels with NDVI values above 0.8. On these remaining pixels, a huge amount of 
existing narrow-band indices was tested. For an overview of the tested indices, the reader is 
referred to Delalieux et al., 2009 and Zarco-Tejada et al., 2001. Only the most informative 
index results are shown here. 

 

The photochemical reflectance index or PRI was calculated to test the degree of differences 
in photosynthetic efficiency of polluted and non-polluted birch trees. The PRI index, defined 

as 
         

         
, where R indicates reflectance and numbers indicate wavelength in nanometers 

(Gamon et al.,1992; Peñuelas et al., 1995), is based on the short-term reversible xanthophyll 
pigment changes accompanying plant stress (Gamon et al., 1990; Peñuelas et al., 1994). 
These changes are linked to the dissipation of excess absorbed energy that cannot be 
processed through photosynthesis, and therefore reduces LUE (Demmig-Adams, 1990, 
Gamon et al. 1997). At the leaf and canopy levels, the PRI has been extensively found 
adequate to estimate photosynthetic performance (Garbulsky et al., 2011). Polluted birch 
trees indicate lower and even negative PRI values when compared to the non-polluted birch 
trees. This was confirmed by spectral leaf PRI calculations.  

 

In a study related to nitrogen and water in sunflower leaves, Penuelas et al (1994) proposed 
the Normalized Pigment Chlorophyll Ratio Index (NPCI)  

http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b12
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b25
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b10
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b27
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b5
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2011.03791.x/full#b15
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This index varies with total pigment and chlorophyll content and is associated with plant 
physiological state. This index is sensitive to the proportion of total photosynthetic pigments 
to chlorophyll, particularly applicable to N stress. For wheat crops, NPCI was significantly 
correlated (R²=0.84) with total chlorophyll content using field based reflectance 
measurements. Bannari (2007) found that NPCI is more correlated (R²=0.84) with Chl-
ab/Chl-a ratio than with the Chl-ab content only. NPCI is negatively correlated to the Chl-
ab/Chl-a content, which means that the lower index values found for the polluted trees in 
Figure 6-44, indicate a higher Chl-ab/Chl-a ratio in these trees.     

 

The Simple Ratio Pigment Index (SRPI), R430/R680, was proposed by Peñuelas et al. 
(1995) to be closely related to pigments. SRPI also resulted in a clear difference between 
polluted and non-polluted trees, with higher values for the polluted trees, which was also 
found from the 2012 leaf analyses. SRPI is based on the ratio of carotenoid and Chl-a 
content. Peñuelas et al. (1994) found that SRPI correlates well (R²>0.95) with different levels 
of mite attacks in apple trees, as the carotenoid/Chla ratio increases with increasing level of 
mite attack. Similar performances were observed for the same ratio from a wide range of 
leaves from different species (maize, wheat, tomato, soybean, sunflower, sugar beet and 
maple). The SRPI was found to be slightly sensitive to low chlorophyll content and very 
sensitive to the leaf structure. 

 

Finally, the stress-related SR index, R695/420, proposed by Carter (1994), indicated 
differences between polluted and non-polluted birches, with lower values for the polluted 
trees. 

The relatively strong response to stress of R694 and the weak response of R420 were expected 
based on canopy (Cibula and Carter, 1992) and leaf (Carter, 1993) reflectances for other 
species. These responses can be explained by the spectral absorptivity of chlorophyll. At 
wavelengths near 700 nm, the absorptivity of chlorophylls a and b (Hoff and Amesz, 1991; 
Chappelle et al., 1992), and of leaves and chloroplast suspensions (Ruhle and Wild, 1979), 
is weak. If stress is sufficient to inhibit chlorophyll production, increased reflectance is 
detectable first at wavelengths of weak absorption as chlorophyll content decreases. Thus, 
reflectance sensitivity to stress-induced chlorosis is high in the 690-700 nm range (Cibula 
and Carter, 1992; Carter, 1993), and blue shifts of the reflectance curve red edge are closely 
related to chlorophyll content (Horler et al., 1983; Rock et al., 1988; Curran et al., 1990; 
Demetriades-Shah et al., 1990; Vogelmann et al., 1993) and visible damage (Ruth et al., 
1991; Hoque and Hutzler, 1992). In contrast, chlorophyll and accessory pigments absorb 
strongly in the violet-blue portion of the spectrum (Ruhle and Wild, 1979; Chappelle et al, 
1992), so that pigment content must decrease dramatically for reflectance to increase 
appreciably at 420 nm.  

 

The four indices descried above, i.e., PRI, NPCI, SRPI and SR were found to be the most 
appropriate for discriminating polluted from non-polluted birch tree stands in our study. 
However, as could be concluded from the literature (previous paragraphs), higher PRI, NPCI, 
and SR values were expected for polluted leaves, which could not be found in our current 
study. The airborne data were therefore compared with spectral leaf analyses gathered at 
the same time (August 2012), which confirmed our unexpected findings. So, a plausible 
explanation for the unexpected results could be that early autumn colouring of trees in the 
polluted area had a large impact on the spectral characteristics of the trees. This was 
investigated by calculating the indices on leaf spectra gathered in July 2012. High PRI values 
were thereby found for birch trees located on the tailings dam. The non-polluted trees 
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exhibited a higher negative NPCI value, and a lower positive value for SR. The July data 
therefore confirmed the findings from the literature, while totally opposing outcomes were 
obtained by the discolouring of the leaves in August.   

  

 

Figure 6-44. PRI, NPCI, SRPI and stress related carter index calculated on the ROI of non-polluted (top) 

and polluted area (bottom) with birch trees  

 

These indices were calculated on all flightlines resulting in the mosaicked index images 
shown in Figure 6-45. It has to be mentioned that one flight strip is missing to fully cover the 
whole area. An image is constructed containing the four selected index values in bands 1 to 
4. After masking out the non-vegetative elements from the scene, a linear discriminant 
analysis was performed in order to ease the interpretation of the different index values. This 
result is shown in Figure 6-46. An endmember selection algorithm was applied to find blocks 
of the 9 purest pixels in the airborne image mosaic, which could be used for the 
classification. These endmembers are shown as well (Figure 6-46) with colours corresponding 

to those in the classified image.   
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Figure 6-45. PRI, NPCI, SRPI and stress related carter index calculated on the whole airborne dataset. 

Notice that one flight strip is missing for full coverage.  
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Figure 6-46. Classified index map (left) based on 8 endmembers (right) selected from the scene.   

 

 

6.2.3 Outlook 
The hyperspectral survey has provided an important amount of valuable data regarding the 
state of the environment in Rosia Montana area. In the future, the analysis of the whole 
dataset can get into more detail, trying to define innovative ways of interpreting the acquired 
information. An important support for this activity can be provided by the fusion of the 
hyperspectral Eagle and Smartplanes data, and also by further investigating the links 
between soil and vegetation analyses, and the destructive leaf chemical analyses. A full-
range hyperspectral sensor covering the whole spectral region from 350-2500 nm (such as 
Apex) would be beneficial for this kind of studies, so that the NDLI index, which showed 
promising results at the leaf level, could be calculated as well at the airborne level.    
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7 Conclusions 
The modern society more and more faces a crisis of the mineral raw materials, also reflected 
in the relatively constant increase of the commodities’ price on the global markets. 
Consequently, mineral deposits that have been considered without economic interests some 
decades ago are re-evaluated. This is also the case of Rosia Montana, that is hosting one of 
the biggest gold deposits in Europe. The systematic mining has started here almost 2,000 
years ago. The operations have ceased in 2006 due to the lack of economic efficiency. A 
new mining project is proposed by Rosia Montana Gold Corporation (RMGC), at a much 
wider scale compared to the previous operations. For the moment, the restart of mining is 
delayed, as not all the necessary permits have been released. No decision has been made 
yet if the mining should continue, or if it should be stopped for a significant period of time, 
and remediation works should be implemented over the mining impacted area. Under these 
circumstances, the study we performed within the ImpactMin project represents a useful 
baseline for any further action that could be foreseen for the near future. Even more 
important, it offers a set of effective tools, able to monitor aspects of the potential 
environmental impact on the basis of remote sensing techniques. The sensitivity of these 
techniques cannot be replicated by the classical methods generally used in the 
environmental monitoring.  

A number of environmental components are generally affected by mining. We mainly focused 
on the features that are detectable and measurable by remote sensing, the others being 
treated to a lesser extent. As Rosia Montana mine is not in operation, the air pollution is very 
limited. Occasionally, dust can be mobilized during windy periods from the open pits, dry 
tailings, and waste dumps. In most of the mining areas, the water is affected by the acid mine 
drainage. Also in Rosia Montana, acidic water is one of the main sources of environmental 
pollution. The rivers are heavily affected by the contaminated water generated on the 
exposed surfaces of mineralised rocks and mining waste. Due to the dense vegetation, the 
water bodies proved to be inaccessible to the remote sensing investigations. The soil 
features that can be related to contamination, and the spectral response of leaves, as a 
proxy of the stress level of the vegetation, have been extensively studied within the project.  

More than 600 samples of soils and stream sediments have been collected from all over the 
study area, trying to obtain a significant distribution on the deposit, in the surroundings, and 
at a regional scale. All samples have been hyperspectrally measured by using a 
spectroradiometer. More than 200 of them have been processed in the laboratory and the pH 
and heavy metals content were measured. The pH was measured potentionetricaly, in water 
slurry, by using a multiparameter instrument. The concentrations of Cd, Cr, Cu, Ni, Pb, and 
Zn have been measured by using the Flame Atomic Absorption Spectrometry method. The 
investigated soils are generally slightly acidic to neutral. Lower pH values have been 
measured in the mining area and in its proximity, and also along the streams that are 
collecting acidic water coming from the mining workings or from the tailings and waste 
dumps. The heavy metals contents have been compared to the reference values from the 
Romanian regulations. According to these, most of the analytical results are in the range of 
normal values. A slight increase of the concentrations has been observed in the case of Cu, 
Pb, and Cd, by respect to the normal values. This situation is normal, taking into account the 
geological background of the study area. Nickel and chromium do not show direct relation 
with the rocks hosting the gold mineralization. Our results confirm that the soil contamination 
is restricted to the proximity of the mining area.  

Based on their general characteristics and response to the environmental stress, two 
categories have been distinguished and analysed separately within the vegetation study: 
trees/shrubs, and herbaceous cover. In order to detect the impact of the environmental 
factors on trees, more than 700 leaves spectra have been collected. Chemical analyses have 
been performed on 144 leaves samples by using the ICP-MS technique. The study was 
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focused on the birch tree (Betula pendula), and to a lower extent on the hornbeam (Carpinus 
betulus). The chemical analyses do not show a clear correlation between the heavy metals 
contents in leaves and the contents in soils at the same locations. This feature can be related 
to the relatively low contents of heavy metals in soils over the study area, most of the 
concentrations values being in the normal range. It is interesting to notice the very high 
uptake of Zn by the birch. The Zn concentration in leaves frequently exceeds the Zn 
concentration in soil at the same location. The hornbeam does not show the same trend. The 
spectral analysis of the birch leaves has shown an increase of the lignin contents in trees 
growing in the mineralised area. This tendency is considered as a response of plants to 
different types of stress, including the heavy metals abundance. The spectral behaviour of 
trees foliage depends on a number of variables, as the age and size of the individual plant, 
position of the measured leaves within the canopy, water availability, season, substrate, and 
stress factors in the atmosphere and soil. Therefore, the interpretation of the spectral 
measurements is very complex, especially when the stress induced by the external factors is 
not very strong.  

The grasslands are covering approximately 70% of the study area, with variable vegetation 
density, from fully coverage to almost bare soil. The condition of the herbaceous layer 
strongly depends on the season, water availability, land use, soil substrate, slope exposure, 
and various stress factors. Intensification of stress will lead to lower density of grass, that is 
favouring soil exposure and erosion, and consequently, stronger deterioration of the 
grasslands. The condition of the grassland is an indicator of the environmental pressure 
induced by natural or anthropogenic changes; therefore a thorough examination of the 
characteristics of their current state has been performed on a relatively large area. The 
acquired dataset represents a valuable baseline for any further change of the environmental 
conditions in the area. As most of the area is covered with relatively dense herbaceous 
vegetation, it is difficult to observe directly the soil changes by remote sensing. Our 
investigations have shown that 25% of coverage with grass is sufficient to mask the soil 
characteristics. The state of the grassland becomes a proxy for the soil condition.  

Various investigation means have been used in order to obtain the spectral data in the field 
and by remote sensing:  

 Contact probe data; Spatial resolution approx 1×1 cm. 

 Solar reflectance data; Spatial resolution approx 20×20 cm. 

 Smartplanes Unmanned Aircraft (RGB-colour); Spatial resolution < 5×5 cm 

 Airborne hyperspectral VNIR; Spatial resolution 50×50 cm 

 Pansharpened WorldView2, 8-bands VNIR; Spatial resolution 50×50 cm 

 Multispectral Worldview2, 8 bands VNIR; Spatial resolution 200×200cm 

The comparison between the obtained data/images demonstrates that the combined use of 
different sensors will give the most relevant and accurate results.  

The toolset developed by ImpactMin project allows not only the definition of the current 
environmental baseline, but it also facilitate the long-term monitoring of the environmental 
change by observing subtle aspects, that can easily be missed by the conventional methods. 
In order to identify and appropriately track the changes, it is important to build a time series 
of comparable data in terms of accuracy, resolution, and timing. The sequence of data that 
has been acquired in 2012, consisting of field spectra in May, July, and August, high-
resolution visible imagery collected in July by Smartplanes UAV, just 4 days before the 
Worldview 2 image acquisition, and finally the hyperspectral airborne data, in August, has 
clearly demonstrated the importance of timing. The processed data show important 
differences in the spectral response of vegetation between different time moments.  
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