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As shown in Table 4-3, the RSD for the intra-day precision ranged between 2.50 and 6.52%, 

while the RSD for the inter-day precision was between 3.53 and 6.25%. The results of the 

analyses show that the FAAS method has a good precision demonstrated by the low RSD 

obtained for both intra- and inter-day repeatability. 

 

e. Calculations  

The method blank contained detectable concentrations of metals and these concentrations 

were subtracted from the sample concentration. In order to report the metal concentration as 

mg/kg in dried soil or sediment, the metal concentration from the soil extract was multiplied 

by the dilution and divided by the mass of dried soil/sediment. The following formula was 

used: 

 

 

 

4.2.3 Determination of heavy metals in vegetation by Inductively 
Coupled Plasma – Mass Spectrometry (ICP-MS) 

 

 

        

Figure 4-9. Vegetation samples processed for digestion. 

 

a. Reagents and solutions 
All reagents used were of the highest available purity (HNO3 65 %), produced by Merck 

(Germany). For this study, NIST 2709 and NIST 1643e certified reference materials were 

used to check the accuracy of the method. High-purity water (0.055 µS/cm, 18.2 MΩ/cm) 

obtained from Ultra Clear TWF UV water system (SG GmbH, Germany) was used. 

All glassware was acid-washed using nitric acid (10 %) before use. 
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b. Sample digestion  

The leaves digestion was done using a Mars 5 microwave digestion system (CEM, USA) 
(Figure 4-9, Figure 4-10).  

 

  

Figure 4-10. Samples digestion (left: during digestion; right: after digestion). 

 

For the digestion procedure, around 1g subsample of dried and ground vegetation was 

weighed, to the nearest 0.001 g (AW 120 Shimadzu analytical balance), and transferred to a 

digestion vessel. A quantity of 5 ml of nitric acid (65%) was added, and the vessels were 

shacked for several minutes and after 10 min of waiting, the vessels were closed and placed 

in the rotor of the Mars microwave digestion system. The adequate digestion program was 

optimized according to the instructions specified in the microwave Operators’ Manual, and 

consisted in heating the samples in two steps: (1) increase the power by 80% (300 W) for 10 

min and (2) decrease the power by 55% for 10 min.    

After cooling, the digested samples were filtered and subsequently diluted to 25 ml with 

ultrapure water and the clear supernatant was analyzed by ICP-MS. For each set of 

measures, one blank was prepared using the same procedure. 

  

c. The ICP-MS system 
The investigated elements (Ag, Al, As, Au, B, Ba, Be, Bi, Br, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, 

Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, I, In, Ir, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, 

Pb, Pd, Pt, Rb, Pr, Re, Rh, Ru, Sb, Sc, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, 

Yb, Zn, Zr) were analyzed by the application of mass spectrometry with inductively coupled 

plasma (ICP-MS). For ICP-MS measurements a SCIEX Perkin Elmer Elan DRC II (Canada) 

inductively coupled plasma mass spectrometer (with quadruple and single detector setup) 

was used Figure 4-11. The instrumentation and operating conditions for the ICP-MS system 

are presented in Table 4-4. 
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Figure 4-11. ICP-MS system. 

 

Table 4-4. Instrumentation and operating conditions for the ICPMS system [Baceva et al. 2012]. 

Parameter  Value 

Plasma 

Power  

Plasma gas flow  

Auxiliary gas flow  

Nebuliser gas flow 

Sample/Skimmer cone 

1350 W 

12.00 l/min 

1.20 l/min 

1.05 l/min 

Platinum 

Quadrupole 

Quadruple rod offset (QRO)  

Cell rod offset (CRO)  

Cell path voltage (CPV)  

Measurement mode  

Dwell time/ms  

Integration time/ms  

Reading per point  

Reading per replicate  

Replicate measurements  

 V 

−8.00 V 

−20.00 V  

Peak hopping  

Varying 

Varying 

300 

1 

4 

DRC 

Reaction Gas  

Lens voltage  

None 

11.00 V     

 

The dynamic reaction chamber (DRC) was used in RF only mode (no gas) and its 
parameters were previously optimized (Tanaselia et al., 2008). For the sample introduction 
system, a classic setup was used consisting of a peristaltic pump, a Meinhard nebuliser and 
a cyclonic spray chamber, where fine aerosols are formed, that go directly into the plasma 
(Baceva et al., 2012).  
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d. Analytical determination / quality control measures 
All measurements were conducted using the semi-quantitative method (TotalQuant) supplied 

by the Elan 3.4 software that uses a response factor calibration curve which was obtained by 

calibration at multiple points (low, medium and high mass for optimum set-up), using a 

multielement Merck VI standard solution, diluted to mimic real sample composition (Baceva 

et al., 2012).  

In order to check the accuracy of the method, a NIST 2709 and NIST 1643e certified 

reference materials were used. For all the investigated elements, the difference between the 

measured and certified values was within 15% (Baceva et al., 2012).  

The theoretical limit for ICP-MS methods are in the ppt (ng/l) range for the majority of the 

elements. By using TotalQuant method, no matrix effects were observed for concentrations 

above 1 ppb (1 μg/l) (Baceva et al., 2012).  

Quality control was also ensured by standard moss reference materials M2 and M3, which 

are prepared for the European Moss Survey (Steinnes et al., 1997). The measured 

concentrations were in good agreement with the recommended values.  

The method of standard additions was also applied and quantitative recoveries were 

achieved for the most of the elements (Baceva et al., 2012).                

 

e. Calculations  

The method blank contained detectable concentrations of metals and these concentrations 

were subtracted from the sample concentration. In order to report the metal concentration as 

mg/kg in dried vegetation, the metal concentration from the sample was multiplied by the 

dilution and divided by the mass of dried vegetation which was multiplied by 1000. The 

following formula was used: 

1000)(

)(25g/l)(extract in ion concentrat metal
 (mg/kg)ion in vegetation concentrat metal






gmassvegetation

ml
 

 

4.2.4 Determination of chlorophyll content and fluorescence in leaves 
 

a. Measurement procedure for leaves 
 

The sampling methodology is the same as in the case of heavy metals determination in 

leaves.  

The measurement procedure for chlorophyll content in leaves is presented in Table 1. After 

chlorophyll determination, the same leaves samples were used for fluorescence 

determination. 
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Table 4-5. Measurement procedure for chlorophyll content in leaves. 

July 2011 campaign June-July 2012 campaign August 2012 campaign 

Regular 
measurements:  

5 leaves / tree: each 
measured once (8 
trees) 

Regular measurements:  

3 leaves / tree: each 
measured once (most of the 
trees)  

Regular measurements:  

Around 10 leaves / tree: each leaf 
with 4 measurements (edge, 
center, edge, tip) (most of the 
trees) 

 Detailed measurements: 

Around 40 leaves / tree: 20 
big leaves with 4 
measurements / leaf; 20 
small leaves with one 
measurement / leaf (two 
trees – statistical 
measurements) 

Detailed measurements: 

Around 50 leaves / tree: selected 
from the top of the canopy, middle 
and bottom; each leaf with 4 
measurements (left edge, center, 
right edge, tip) (4 trees – statistical 
measurements) 

Leaves appearance:  

Green leaves 

Leaves appearance:  

Green leaves 

Leaves appearance:  

Green leaves + few leaves that 
showed early signs of chlorophyll 
degradation (analysis of the 
current state of the trees at that 
time) 

 

 

b. Laboratory equipment and methodology for Chlorophyll content and 
Fluorescence 

 

b.1 Determination of the chlorophyll content  

  

The total chlorophyll was measured by using an Opti Sciences CCM 200 chlorophyll-meter 

Figure 4-12 that calculates the chlorophyll content index (CCI) as the ratio of radiation 

transmitted to the leaf at two wavelengths (940 nm and 660 nm) (Opti-Sciences INC, Silla F., 

2010). The CCM 200 chlorophyll meter is indicating the chlorophyll content per leaf area unit 

(0.71 cm2), related to the thickness of the leaf. Technical specifications are presented in 

Table 4-6. (Opti-Sciences INC). 
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Figure 4-12. Opti Sciences CCM 200 chlorophyll-meter. 

 

Table 4-6. Technical Specifications CCM-200 Chlorophyll Content Meter (Opti-Sciences INC). 

Measurement technique Optical absorbance in two wavebands 

Measured area 1cm diameter circle 

Accuracy +/- 1 CCI unit 

Sample acquisition time 2-3 seconds 

Source Two LEDs 

Detectors Two temperature compensated silicon photodiodes 

Storage 4,000 data sets 

User interface 16 x 2 alphanumeric LCD 

Output RS-232 with supplied PC software 

Operating temperature range 0 – 50°C 

Battery 4AA cells 

Weight 180g (excludes battery) 

Dimensions 150 82 x 25mm 

 

 

b.2 Preparing the leaves samples for pigments extraction 

 

An amount of 0.5 – 2 g of each leaves samples was weighed Figure 4-13 and transferred to a 

glass vessel, and 25 ml 95 % ethanol were added. Pigments were extracted Figure 4-14 by 

boiling the samples for 10 min at 80°C  using the FALC Heating Mantles without stirring (Fig 

3). The boiling process is continued until the absolute discoloration of the leaves is achieved. 

The extracts were cooled and collected in a 50 ml brown volumetric flask and brought to 

volume with 95% ethanol.   
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Figure 4-13. Leaf samples prepared for analysis 

 

 

 

 Figure 4-14. The process of heating and separation using FALC Heating Mantles. 

 

b.3 Determination of Photosynthetic Pigment concentrations 

 

The absorbance of crude extracts was measured on a Metertek SP-850 spectrophotometer 

(Metertech-inc, Taiwan) Figure 4-15 at the following wavelengths: 665 nm for chlorophyll a; 

649 nm for chlorophyll b; 470 nm for carotenoids. If the pigment extract is too concentrated, 

dilutions are made with 95 % ethanol. After each reading, the spectrophotometer is 

calibrated with 95 % ethanol.  

Technical Specifications for Metertek SP-850 (Metertech-inc, Taiwan) are presented in Table 

4-7. 
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 Figure 4-15. Metertek SP-850 spectrophotometer 

 

Table 4-7. Technical Specifications for Metertek SP-850 spectrophotometer (Metertech-inc, Taiwan) 

Model SP-850 

MONOCHROMATOR Diffraction grating 

WARM-UP TIME, min (WAVELENGTH, nm) 20 

PATH LENGTH, mm (WAVELENGTH, nm) 10 

Linearity (WAVELENGTH, nm) 0.01 

Precision (WAVELENGTH, nm) 1% @ 1 A 

Reproducibility (WAVELENGTH, nm) <1% 

ZERO DRIFT (WAVELENGTH, nm) 0.003 A/hr 

340 nm (SCATTERED LIGHT) <0.5% 

DATA MANAGEMENT Absorbance, transmittance, concentration, factor 

DISPLAY LED 

POWER NEEDED 115/230, 50/60 Hz 

LAMPS Tungsten 

Duration, hr (POWER NEEDED) 1 

Range (WAVELENGTH, nm) 330-999 

Precision (WAVELENGTH, nm) 2 

BANDPASS, nm (WAVELENGTH, nm) 8 

 

Photosynthetic pigment concentrations were calculated by using established equations that 
estimate concentration as a function of absorbance of foliar extracts at specific wavelengths 
(Lichtenthaler, 1987, Zhuo Shen et al, 2009):  

  

FWgmgDV
Wd

AA





 /

1000

88.695.13
a  lChlorophyl 649665

 

FWgmgDV
Wd

AA





 /

1000

32.796.24
b  lChlorophyl 665649
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FWgmgDV
Wd

clfclfA ba 



 /

1000245

8.11405.21000
Carotenoid 470

 

 

where: A – absorbance at a certain wavelength, V – volume of total extract, D – coefficient of 

dilution, FW – fresh weight (g), d = 1cm (internal width of cuvette), 1000 – µg to mg 

conversion factor. When expressed on the basis of sample fresh weight, the correction factor 

was the actual volume of the extraction divided by the sample fresh weight. 

 

b.4 Fluorescence determination 

 

An OPTI SCIENCES – OS1-FL modulated fluorometer (Opti-Sciences INC, OS1-FL 

Brochure) Figure 4-16 was used for measuring the parameters of the chlorophyll 

fluorescence. The following indices were determined: Fo – basal fluorescence, Fm – maximal 

fluorescence, Ft – instantaneous fluorescence signal, Fv/Fm – maximum quantum efficiency 

(Photochemical efficiency of PSII) and Fv – variable fluorescence which is calculated as 

follows: Fv = Fm – Fo. 

Technical Specifications for OS1-FL modulated fluorometer (Opti-Sciences INC, OS1-FL 
Brochure) are presented in Table 4-8. 

 

Table 4-8. Technical Specifications for OS1-FL modulated fluorometer (Opti-Sciences INC, OS1-FL 

Brochure) 

Parameters Measured:  Y, Fs, Fms, Fv/Fm, Fo, Fm 

Detection method:   Pulse modulation method 

Detector & Filters:   A PIN photodiode with a 700 ~750 nm bandpass filter 

Saturation pulse  35 Watt halogen lamp with 690 nm short pass filter. 15,000uE                                       

Modulated light 660 nm LED with 690 nm short pass filter. 

Sampling Rate:   Autoswitching from 10 to 10,000 points per second, depending on phase of 
test. 

Test Duration:   Adjustable from 2 seconds ~ 45minutes (optional 2 seconds ~ 16 hours.) 

Storage Capacity: 128 Kb battery backed up RAM, supporting up to 4,000 test data sets, or 
1trace up to 45 min. 

Digital Output:   RS-232 port 

User Interface:   Display:  20 x 4 Character  super-twist LCD 

Keyboard: 12 key dedicated function layout                          

Power Supply:   Internal 12V, 1.2 Ah rechargeable sealed lead-acid battery. 

Battery Life:   Up to 6 hours of continuous operation 

Dimensions:   7 cm x 11 cm x 19 cm. 

Weight: 2 kg 

 

http://www.optisci.com/datasheet/os1-fl.pdf
http://www.optisci.com/datasheet/os1-fl.pdf
http://www.optisci.com/datasheet/os1-fl.pdf
http://www.optisci.com/datasheet/os1-fl.pdf
http://www.optisci.com/datasheet/os1-fl.pdf
http://www.optisci.com/datasheet/os1-fl.pdf
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Figure 4-16. OPTI SCIENCES – OS1–FL fluorometer 

 

4.3 Results of soils and sediments chemical analyses  

During the field campaigns preformed in 2011 and 2012, more than 600 soils and sediments 
samples were collected from all over the study area Figure 4-17. All of them have been 

hyperspectrally measured using a spectroradiometer, and subsequently, a selection of more 
than 200 samples representative samples have been analysed in the laboratory. The pH in 
water slurry, and the heavy metals contents (Cd, Cr, Cu, Ni, Pb, Zn) were determined, 
following the protocols described in chapter 4. 

 

 

Figure 4-17. Soil sampling in Jig area.  
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Figure 4-18. Spatial distribution of the soil pH values in the study area (left) and frequency (right). 

 

According to the pH reference values (Ministerial Order 278/2011), most of the soils are 
acidic (strongly acidic – 63 samples, pH < 5.00; moderately acidic – 74 samples, pH=5.01-
5.80; weakly acidic – 61 samples, pH=5.81-6.80) (Figure 4-18). Very few samples have 

shown neutral (3 samples, pH=6.81-7.20) or weakly alkaline (3 samples, pH=7.21-7.67) 
reaction. Lower pH values, corresponding to strong acidic soils, may be observed in the 
mining area and in its proximity, including the open pits, galleries, and other objects 
generated by the mining activity, as waste rock dumps and tailings deposits. The sediments 
along the streams that receive water coming from the open pits, galleries, or percolating the 
waste rock piles and tailings, have a very pronounced acidic reaction. Figure 4-18 shows the 

spatial distribution of the soil acidity in the project’s area. One may notice low pH areas in 
Cetate and Carnic open pits, on Saliste tailings management facility, and along the Rosia 
Valley, that is heavily polluted by the acid waters coming from underground works, as Adit 
714, and some other galleries upstream of this. Acidic soils also occur in the proximity of the 
smaller mineralised areas that have been mined in the past, Orlea and Jig-Vaidoaia. In very 
few cases, an alkaline reaction has been detected. The acidity of soils and sediments reflects 
the intensity of the acid rock drainage/acid mine drainage (ARD/AMD).  

The acid solutions facilitate the weathering of rocks, contributing to the mobilisation of the 
heavy metals, that could further concentrate in soils and sediments. The heavy metals 
contents in soils and stream sediments have been determined according to the methodology 
described in chapter 4.  

The distribution in soils and stream sediments of the six heavy metals that were analysed is 
presented in Figure 4-19. 
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a  b 

c d  
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Figure 4-19. Concentrations of heavy metals in soils and stream sediments: (a) Cu concentrations; (b) Pb 

concentrations; (c) Cd concentrations; (d) Zn concentrations; (e) Cr concentrations; (f) Ni concentrations. 

 

The heavy metals contents in soils and stream sediments have been compared with the 
Romanian to the reference values of MAPPM Order 756/1997. This regulation is setting up 
the values considered as normal contents of these chemicals in soil and values representing 
alert and response thresholds for sensitive soil use. Accordingly, we have considered four 
classes of values for each metal: below the normal value, between the normal value and the 
alert threshold, between the alert threshold and the intervention threshold, and above the 
intervention threshold. Most of the returned analytical results are in the range of the normal 
values, with some variations. Copper, lead, cadmium and zinc concentrations are in the 
range of normal values, slightly increased in the case of Cu, Pb, Cd, but still below the alert 
threshold. Increased values can be observed in the proximity of the mining areas and along 
the streams with low pH water. On the TMF, the contents are also low, the Pb is a little bit 
more concentrated, but below the intervention threshold. The Ni and Cr do not show a direct 
relation with the deposit. Some higher contents of Ni are scattered in remote zones by 
respect to the mine. Chromium content is low in the whole study area. The frequency of the 
heavy metals contents for each metal is presented in the graphs in Figure 4-20.  

 e f 
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Figure 4-20. Frequency of the heavy metals contents in soils and stream sediments samples. 

 

 

4.4 Results of chemical analyses on leaves  

The state of the vegetation has been assessed by spectral measurements on leaves, 
combined with in situ and laboratory measurements of the chlorophyll content, and heavy 
metals content, determined in the lab. The experimental procedures that have been followed 
are described in chapter 4. Leaves from two tree species, birch (Betula pendula) and 
hornbeam (Carpinus betulus), have been sampled. A third species, Fagus sylvatica was 
initially considered in the study, but it was eliminated later on, due to its uneven distribution in 
the field, and the difficulty to obtain a homogeneous coverage of the area. Hyperspectral 
measurements were performed in the field on series of leaves. The total chlorophyll content 
was measured in the field using the Opti Sciences CCM 200 chlorophyll-meter. The pigments 
were further on extracted in the laboratory. The contents of chlorophyll a and b, and 
carotenoids were determined on the Metertek SP-850 spectrophotometer. 
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Maps of the distribution of the heavy metals contents in plants have been produced based on 
chemical analyses, for Cd, Cr, Cu, Ni, Pb, Zn 

 

 

Figure 4-21). 
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Figure 4-21. Heavy metals contents in leaves: (a) Cr in birch leaves; (b) Cr in hornbeam leaves; (c) Cu in 

birch leaves; (d) Cu in hornbeam leaves; (e) Ni in birch leaves; (f) Ni in hornbeam leaves; (g) Pb in birch 

leaves; (h) Pb in hornbeam leaves; (i) Cd in birch leaves; (j) Cd in hornbeam leaves; (k) Zn in birch 

leaves; (l) Zn in hornbeam leaves.  

 

i 

l k 

j 



 
 IMPACTMIN WP7.3 Contract №: 244166 

73 

The uptake of heavy metals by plants depends very much on their availability in soil. The 
uptake was found to be relatively similar for the two species in the case of Cr, Cu, Ni, and Pb 

(  
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Figure 4-21 a-h). However, the birch has the obvious tendency to uptake more Cd and Zn (
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Figure 4-21 i, k) than the hornbeam (

 

 

Figure 4-21 j, l). The two elements have also a comparable geochemical behaviour.  
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Figure 4-22. Heavy metals contents in birch leaves compared to soil.  
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Examining the concentrations of heavy metals in leaves and in soil in corresponding 
locations (

 

 

Figure 4-22), the low degree of correlation can be noticed for most of the metals. The 
tendencies are kept for the two tree-species, with slight positive correlation for Ni, Pb, and 
Cd, and negative tendency for Cr. The correlation degree for Zn and Cu is very low. 
According to the experimental data, seems that the birch has the ability to concentrate Zn up 
to 5 times by respect to the concentration in soil, in contrast with the hornbeam, where this 
tendency does not occur. 
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Figure 4-23. Heavy metals contents in hornbeam leaves compared to soil.  
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4.5 Results of the chlorophyll content and fluorescence measurements  

The objective of this study was to examine the relationship between fluorescence emission 
spectrum and plant growth inhibition under stress conditions (in this case soil acidity and 
heavy metal contamination), and to investigate the degree of stress detectable from 
fluorescence measurements. Also destructive chlorophyll measurements were performed in 
order to establish a correlation between chlorophyll and fluorescence level.  
 Changes in leaf pigment content and composition provide indications of tree stress 

due to abiotic factors. The chlorophylls, Chl a and Chl b are essential pigments for the 

conversion of light energy to stored chemical energy. The amount of solar radiation absorbed 

by a leaf is a function of the photosynthetic pigment content (Monteith, 1972; Foyer et al., 

1982; Steele et al., 2008). Chlorophyll fluorescence is a measure of the efficiency of 

photosynthesis and can be used, therefore, as an indicator of vegetation health and vitality 

(Lichtenthaler et al., 1999; Kancheva et al., 2007). 

 The degree of stress was quantified through changes in leaf pigments because plant 
stressors affect the photosynthetic process causing a decline of the chlorophyll content. 
Fluorescence determination at leaf level is sensitive to chlorophyll content. This means that 
less chlorophyll concentration can lead to increasing fluorescence values (Kancheva et al., 
2007). 
 Very weak negative correlations r = -0.167 and r = -0.056 were established between 
soil pH and fluorescence parameter (Fv/Fm) in Betula pendula and in Carpinus betulus, 
meaning that the more acidic the soil is, the higher is the fluorescence. In the case of birch 
trees, there is a weak positive correlation of r = 0.139 between soil pH and total chlorophyll. 
As the soil reaction becomes less acid, the chlorophyll content is increasing. In the case of 
Carpinus betulus, the correlation becomes weak negative.  
 All the chlorophyll content values and also the fluorescence values were plotted on a 
World View 2 image for better understanding the spatial distribution of the values (Figure 

4-24).  

The loss of chlorophyll and decline in photosynthesis are two of the phenomena 
associated with the process of stress in leaves of higher plants. Fluorescence can give a 
rapid and minimally invasive measurement of changes in a particular sample, giving insights 
into ability of the plant to tolerate environmental stresses and into the extent to which those 
stresses have damaged the photosynthetic apparatus. 

Changes in Fv/Fm and Fo are accepted and widely used as reliable diagnostic 
indicators of photoinhibition. A decrease in Fv/Fm and an increase in Fo indicate the 
occurrence of photoinhibitory damage in response to stress. 

Chlorophyll fluorescence can serve as sensitive indicators of heavy metals toxicity. 
As the concentration of heavy metal in soil is increasing, the fluorescence is also increasing, 
a positive linear relationship between heavy metal concentration and fluorescence being 
revealed.  
 Low positive correlations were observed in case of Betula pendula and Carpinus 
betulus also, with one exception in case of Cr concentration in Betula pendula which 
presented a very weak negative correlation (r = -0.014).  

Minor changes in Fv/Fm and Fo used as indicators of photoinhibition due to stress, 
have been determined. Furthermore, PSII photochemical efficiency, as determined from 
chlorophyll fluorescence, remained high, and the chlorophyll a/b ratio exhibited no decline 
except in leaves with extremely low chlorophyll contents.  
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Figure 4-24. Chlorophyll content and fluorescence values in birch and hornbeam leaves. 
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5 Hyperspectral measurements and remote sensing 
 

5.1 Overview 

 

From an environmental point of view, the area appears to be in a fairly steady state 
condition. The impact on the environment is inherited from former activities, and occurs in the 
form of open pits, waste dumps Figure 5-1, tailings dams Figure 5-2 and acid drainage 
originating from the open pits and underground galleries Figure 5-3. 

 

 

Figure 5-1. Overview of the Rosia Montana deposit, showing the various open pits and waste dumps. 

 

 

Figure 5-2. 3-D overview of the Saliste tailings dam, generated from Smartplanes aerial photography. 

 

Since there are currently no mining-related processes that cause changes in the condition of 
the environment, we can regard the situation as relatively stable. This provides us with an 
excellent opportunity to create an environmental baseline for future mining activities using 
Remote Sensing technology. In order to establish an environmental baseline we have 
investigated the spectral variations and patterns that currently exist in all accessible 
categories of surface materials, such as drainages, rocks, soils and vegetation.  

Detailed spectral laboratory analyses of drainage precipitates, soils and rocks in and around 
the historic and future mining areas (see Figure 5-4), soils and rocks outside of the direct 
sphere of influence of these mining areas, in-situ contact measurements of birch-leafs, in-situ 
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solar reflectance measurements of soils and grasslands have been used, in combination with 
chemical analysis of the same materials, to characterize the current situation (Figure 5-5).   

 

 

Figure 5-3. Acid drainage with Iron-rich chemical precipitate. 

 

Multi-temporal Analysis of Worldview-2 imagery from three consecutive summers (2010, 
2011 and 2012) has been used to assess the extent of normal variations in surface 
characteristics as a function of seasonal, climatic and normal land-use changes. The latter 
are mostly related to farming such as crop-rotation, irrigation, harvesting, forestry etc. 

A low-altitude hyperspectral (VNIR) survey was carried out in summer 2012 giving us full 
hyperspectral coverage of the project area at 50 cm resolution.   
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Figure 5-4. Proposed mining infrastructure showing the future open pits in green. Past mining areas are 

located within the boundaries of the future open pits. 

 

Figure 5-5. Locations of spectral samples from field campaigns 2011/2012. Red polygons indicate the 

approximate outlines of the pits planned by RMGC, the yellow dashed line indicates the limit of the 

Industrial Protection Area. A selection of the leaf and soil samples was used for chemical analysis. 
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From a remote sensing point of view, the Rosia Montana district is a very complex and 
inhomogeneous area. The mountainous nature of the area results in a wide variety of 
geomorphological conditions, leading to typical alpine small-scale and diverse land-use, 
characterized by small parcels of grass land, separated by small forests and rows of trees. 
Farming land is primarily used for hay and grazing. Land-use patterns have probably not 
changed significantly over centuries, and most of the work is done in a very traditional 
manner (see Figure 5-6). Treed areas show a fairly high diversity of mostly deciduous 

species, and locally with pine and fir trees.  

 

Because of this complexity and high degree of spatial variability it was concluded that proper 
understanding of the Worldview2 and Hyperspectral imagery would improve significantly if 
we would have the availability of much higher spatial resolution data.  

Although it was not foreseen in the original project scope, we therefore decided to acquire 
ultra-high-resolution aerial photography using the Smartplanes UAV, in order to be able to 
support the integrated interpretation of field data, hyperspectral imagery and Worldview2 
imagery. 

While the plan was to acquire Smartplanes imagery over significant portions of the project 
area, including the historic and future mining sites, this could not be realized because the 
permission for the flights was granted late. For that reason we decided to select two 
representative areas where we would fly the Smartplane, so that we at least could test our 
concept. 

 

Figure 5-6. Traditional small-scale farming that is typical for this region. Cutting the grass is still done 

manually using a scythe. 

 

 

5.2 Field work 

5.2.1 Field campaign 2011 
 

During the 2011 field campaign our work focused primarily on the characterization of rocks, 
soils, streams and vegetation in the direct vicinity of the existing mining areas (Figure 5-7) 

with the aim to understand the relationship between the mine in its current situation and 
various potentially related surface parameters (such as acid generation, vegetation stress, 
weathering and landslide-risk, anthropogenic disturbances, drought related to changes in the 
availability of ground water), and to establish criteria that will allow further mapping and 
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monitoring of environmental impact of future mining activities using Remote Sensing 
imagery.  

At the same time a hyperspectral survey was planned with the CASA 212 RS-INTA aircraft 
equipped with the AHS (VNIR-SWIR-TIR) sensor and the Casi1500i.  

Due to bad weather conditions during the period that the hyperspectral over-flight and the 
vegetation measurements were planned, the airborne survey was cancelled and only a few 
vegetation measurements could be taken. This meant the loss of an excellent opportunity, 
taking into account the capabilities of the sensors mounted on the aircraft. At that time, a 
very important part of our dataset could not be acquired.  

 

The interpretation of our 2011 field data, in combination with the analysis of the two 
Worldview2-images (acquired July 2010 and July 2011) demonstrated very clearly that the 
situation in Rosia Montana is much more complex than we had anticipated, and the 
environmental changes that can be anticipated to occur once the mine becomes active again 
are probably going to be of a very subtle nature even though they could become quite 
significant over periods longer than e.g. 20 years. 

 

Figure 5-7. Locations of spectral samples from field campaign 2011. Red polygons indicate the 

approximate outlines of the pits planned by RMGC, the yellow dashed line indicates the limit of the 

Industrial Protection Area.  
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Figure 5-8. Hyperspectral measurements of soil samples by the ASD spectrometer in the lab.   

 

Figure 5-9. Hyperspectral measurements on leaves in the field 

.  

The results of the 2011 field campaign demonstrated that the most prominent variations in 
soil spectra are mostly related to underlying lithology. In most cases there was no direct 
correlation between the spectra of pure soils and the corresponding pixel spectra obtained 
from the Worldview-2 imagery (Figure 6-8), except for places where bare soil was clearly 

exposed at surface. The reason for this lack of correlation can be found in the fact that in 
most cases soils are to some extent covered with grass, and even relatively small amounts 
of grass already mask the subtle spectral variations that are associated with the observed 
changes in soil composition. 

 

Inspection of the WV2 imagery indicates that the grasslands show the most significant 
spectral variation, both within a single scene, and between imagery from consecutive years. 

If we look at a natural colour composite (Figure 5-10a) we can see that there is a significant 
variation in greenness of the grasslands and that there appears to be a whole range of 
different types of grass land varying from almost bare soils to dense green grass lands.   
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Figure 5-10. A) Natural colour composite of the 2010 WV2 image, illustrating the differences in greenness 

of the grasslands. Arrows indicate examples of typical areas with different vegetation density. The image 

corresponds with the yellow outline on the lower two images. B) Land classification of the WV2-2010 

image. The colours of the classes correspond with the colours of the arrows. C) Land classification of the 

WV-2011 image, using the same NDVI-thresholds as for the 2010 image. 
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A rough first classification of the imagery using thresholded NDVI images shows the 
distribution of different classes of surfaces that progressively become greener (Figure 5-10b)  

1) Bright surfaces, interpreted as Bare soils (Figure 5-10a, Red arrow)  

2) Almost bare soils with some green or brown grass (Orange arrow) 

3) Approximately equal proportions of soil and green/brown grass (Green arrow) 

4) Mostly grass with some exposed soil (Blue arrow) 

 

It should be noted that this is a fairly rough classification as its thresholds were defined in a 
subjective manner, and not based on any field calibration. 

Nevertheless, comparison of the results for the images from 2010 and 2011 shows 
significant variations, and such a classification applied to multi-temporal imagery should be 
very suitable to identify systematic long-term changes in the vitality of the grasslands 

These differences are probably the result of a highly complex interaction of natural and 
anthropogenic processes and parameters such as climatic variations, Land-use variations, 
biotic activity, soil fertility, groundwater regimes etcetera.  

It is important however to be able to characterize these different types of grasslands because 
we expect that monitoring the long-term variations in the grasslands may be a very effective 
tool to identify systematic changes that are related to environmental impact from mining as 
opposed to naturally occurring variations.  

While on the basis of our field observations we suspect that these differences can probably 
be explained by factors such as differences in water content of soils and grass, differences in 
length and density of grass, variations in proportion of exposed soil in grass lands, we 
concluded that we need more field observations in order to be able to explain more precisely 
the variations in the imagery. 

The results from the 2011 field campaign also indicate that there are spectral differences 
between the leaf-spectra from birch trees located in vicinity of the open pit and those further 
away from the pit. This is illustrated in the plot of the red-edge position of the Birch trees 
(Figure 5-11), which is significantly lower for Birch trees located within boundaries of the 

deposit. The red-edge position is a valuable parameter to assess the plant chlorophyll 
concentration and is often used as a vegetation stress index (Horler et al., 1983). A decrease 
in Red-edge position is usually related to increasing plant stress. For other species that were 
sampled, such as Pine trees, Beech, Acer and Poplar, we did not find any significant spatial 
variation in relation to the vicinity of the deposit. It must be noted though that Pine trees 
seem to have a preference for an acid environment, as they are abundant within the contours 
of the deposit, whereas they are relatively scarce beyond the limits of the deposit. 
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Figure 5-11. Plot of Red-edge position for Birch leaves sampled in the 2011 field campaign. The spectral 

plot shows some typical reflectance spectra for Birch leaves. 

 

It became very clear that in order to be able to establish a proper environmental baseline, we 
needed to improve our understanding of the relation between (1) geological factors such as 
the presence of the deposit, lithology, geomorphology, (2) environmental factors, such as 
subtle changes in the mineralogical (e.g. clay, Iron-oxides) composition of soils, in the 
ground-water regime (e.g. drought), and in the health of vegetation (including grass-lands 
and trees), and (3) anthropogenic factors, such as land use dynamics, excavations, 
groundwater removal, aerial pollution, construction, increasing population, etc. 

It also became clear that in order to be able to detect potential changes, we needed a stable 
reference, which meant that we had to collect our data at larger distances from the mining 
area, in areas that are not likely to be affected by future mining. Obviously, it is important that 
these “reference areas” are still within the same geologic, geomorphologic and climatic 
district. 

 

Based on the results of the work we did in 2011 we concluded that it was necessary to plan 
an additional fieldwork campaign in 2012, which would focus on the following questions: 

 

1) What is the normal relationship between geology and soil mineralogy, and what 

happens to soils that are affected by mining activities? To this purpose we planned to 

collect soil samples for laboratory spectral analysis.  

2) Are there variations in vegetation stress that can be related to the vicinity of the 

current mine and other known “unhealthy” environments such as the tailings dam, 

dumps and the acid drainage? To this purpose we planned to investigate the variation 

in plant stress indicators using foliage spectra from Birch trees. 
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3) Is there a relation between plant stress and soil geochemistry? To this purpose we 

planned to perform chemical analysis on soil and leaf samples. 

4) Are soils and vegetation in affected areas more vulnerable and therefore more prone 

to degradation and can we recognize the effects of increasing environmental impact 

by looking at the quality of soils and at the vitality of grasslands and trees? To this 

purpose we have taken spectra of soils, grasslands and tree foliage. 

5) What is the meaning of the spectral variations we observe for grasslands in the WV2-

imagery? To this purpose we planned to document the appearance of grasslands in 

detail, and to collect solar reflectance measurements of different types of grass-lands. 

 

In order to be able to extrapolate the spot samples to the entire region of interest, it was 
decided that, in addition to collecting more data in the field, we would make another attempt 
to organize a hyperspectral campaign. However, since our budget was not sufficient to 
acquire both SWIR and VNIR, we had to decide which sensor would be most useful for our 
study. 

As explained above, many of the questions that we encountered were related to vegetation, 
and we expect that potential environmental changes will in the first place have their impact 
on the vitality of vegetation – trees and grasslands. Since most of the spectral information 
related to vegetation is in the Visible and Near infrared region (350nm-1100nm) we decided 
that it was most effective if we acquire hyperspectral VNIR imagery. Since also the 
Worldview2-imagery has its information in the VNIR range, the hyperspectral imagery is 
expected to provide us a vital link in the interpretation chain of the Worldview2 imagery. 

An innovative aspect of the planned hyperspectral survey is the fact that we would acquire 
data at 50 cm resolution. To achieve such a high resolution implies that the aircraft had to fly 
at altitudes of less than 750 m above ground. Given the rugged nature of the area, it was not 
only a challenge to fly the survey, but also to deal with consequences for the image 
geometry, inherent of the high vertical relief of the terrain. 

 

We also found that many of the characteristic surface variations, in particular with respect to 
the strongly inhomogeneous nature of the grasslands and the treed areas, are at such a 
small scale that the resolution of the WV2 imagery and of the hyperspectral imagery is not 
sufficient to resolve important surface features (Figure 5-12). We simply do not see precisely 

enough what we are looking at, which means that correct spectral interpretation and drawing 
the right conclusions is almost impossible, unless we have imagery that allows us to 
distinguish features such as individual trees, shrubs, small soil patches of exposed soil, 
freshly cut grass, hay, outcropping rock, etc. 

For that reason we decided to bring the Smartplanes UAV to the field so that we could 
acquire ultra-high resolution imagery (4 cm resolution) for at least a part of the study area. 
Having such high-resolution imagery would very significantly enhance our ability to analyse 
the lower resolution hyperspectral imagery and the Worldview2 imagery. 
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Figure 5-12. Comparison of Worldview2 Multispectral (2m resolution), WV2-pansharpened multispectral 

(50 cm resolution), Hyperspectral VNIR (50 cm resolution) and Smartplanes image (4 cm resolution. The 

red arrows point to the location of the soil exposure shown in the photograph. This type of soil exposure is 

found frequently in grass lands used for grazing. 

 

During the 2011 campaign, an experiment was conducted with the aim to develop an 
inexpensive, yet effective method to spectroscopically characterize a surface when 
hyperspectral imagery is unavailable. We have called this experiment the pseudo-
hyperspectral evaluation. The goal was to identify the presence/source of acid-forming 
minerals in the mining-impacted areas. Two locations were chosen to setup the experiment: 
Saliste tailings dam, and Cetate open pit Figure 5-13, considered to be representative for the 

impact of AMD in Rosia Montana area.  

The samples were collected 10 m apart along two diagonal transects at the Saliste tailings 
dam and their location recorded with the GPS Figure 5-14 to Figure 5-16. About 250 grams of 

loose sample was collected on each station and the samples were generally dry. The 
collected samples were powdery-to-fine in granularity and clayey in composition. In places, 
there were grey lenses of sulphide-rich sediments/layers about 2-3 cm in thickness. Similar 
collection procedure was repeated at the main pit (Cetate) of the former Rosia Montana 
open-pit mine, along the main East-West axis of the pit and, as possible, at each of the cut 
levels – pit bottom, intermediate haulage levels and pit top. The collected samples were 
comprised of about 30% hard rock samples, 30% gravel-sized chunks, 20% sandy samples 
(dry), 10% semi-moist muddy samples, and 10% dry-muddy samples. The majority of 
samples corresponded with the overall lithology expected for Rosia Montana: altered 
diatreme breccias with massive sulphides, altered dacites with presence of clay minerals, 
jarosite, chlorite and iron oxide staining.  
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Figure 5-13. Location of Saliste tailings dam and Cetate pit.  

 

Figure 5-14. Sample locations in the main pit of Rosia Montana Mine: Cetate 

 

Figure 5-15. Sampling in Cetate Pit 
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Figure 5-16. Sampling at Saliste tailings dam 

 

 

5.2.2 Field campaign 2012 
 

In summer 2012 three field campaigns were organized.  

 

During the first campaign, which took place in May, more than 280 soil samples were 
collected for spectral and chemical analysis along 35 sections covering representative parts 
of the study area (see Figure 5-17).  

 

During the second campaign (June 20 – July 5) the team has collected (see Figure 5-5): 

 55 additional soil samples for chemical and spectral analysis. 

 More than 400 solar reflectance measurements from soils, grasslands, rocks, open 

pits.  

 Over 700 leaf spectra were measured from approximately 250 different Birch trees.  

 Leaf samples from 28 trees (hornbeam and birch) were collected for analysis of 

chlorophyll and heavy metal content. 

 10 solar reflectance reference targets were measured for Empirical Line Correction of 

the Worldview2 image, which was acquired while we were in the field, on July 4-2012,  

 Two Smartplanes UAV surveys covering approximately 0.5 km2 each. 

 

The third campaign took place from Aug. 22 to Aug. 25, simultaneously with the 
hyperspectral overflight. The purpose of this field campaign was in the first place to collect 
reference material at the same time as the hyperspectral survey, and in the second place to 
gain some more specific insights related to the interpretation of the tree spectra. During the 
four days in the field the team collected leaves spectra and other samples as follows: 

 48 trees with on average 10 leaves per tree  

 4 trees with 50 leaves for in-depth statistical analysis 

 11 different tree species with focus on Betula and Carpinus 

 40 dried leaves 

 8 reference points for atmospheric validation 
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Figure 5-17. Planned locations of sample profiles for the May-2012 field campaign (blue) and location of 

the Smartplanes UAV survey blocks (red) 

 

5.3 Preprocessing of WorldView 2 imagery 

 

Worldview2 scenes were acquired in three consecutive years 2010, 2011 and 2012. All 
images were acquired between 7 and 11 July. The procedures for geometric and radiometric 
correction are described below: 

 

Geometric correction: 

All images were orthorectified using the Envi WV2-orthorectification tool. For the elevation 
model we used the 1m-resolution Orthophoto DEM made available by RMGC complemented 
by the 90m-resolution SRTM data. Obviously the great difference in spatial resolution is not 
very desirable, but we had no other choice, as the RMGC dataset covered only a part of our 
study area. 

After the orthorectification there were small shifts between the three images. Those shifts 
were corrected by co-registering all images to the 2012 WV2 image. A number of precision 
ground control points provided by the RMGC-surveyor were used to position all scenes as 
accurately as possible. 

 

Radiometric correction: 

In order to be able to perform quantitative analysis of satellite imagery, to compare image 
spectra with field spectra, and to compare multi-temporal images, it is vital that all images are 
converted to absolute reflectance data. To do this, two steps are involved: (a) Radiance 
Correction (b) Atmospheric Correction. 
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Radiance correction: DigitalGlobe’s WorldView image data is typically distributed in relative 
Radiance. We use the ENVI WorldView Radiance calibration utility to convert the relative 

radiance into absolute radiance in units of 
  

         
. This tool uses the calibration factors in 

the WorldView-2 metadata file (the absCalFactor value in the .imd file) to perform the 
conversion. 

Atmospheric correction: The solar radiation on the Sun surface-sensor ray path is subject 
to absorption and scattering by the atmosphere and the surface. Major atmospheric water 
bands centred at 0.94, 1.14, 1.38 and 1.88 micrometres, the oxygen band at 0.76 
micrometre, and the carbon dioxide band near 20.8 micrometre are present. Approximately 
half of the 0.4-2.5 micrometre spectral region is affected by atmospheric gas absorptions. 
The shorter wavelength region below 1 micrometre is also affected by molecular and aerosol 
scattering. 

Atmospheric correction attempts to minimize or remove the atmospheric influences that are 
added to the pure signal of the target and to extract more accurate information.  

Accurate removal of atmospheric absorption and scattering effects is required in order to 
study surface processes using spectral imagery, and atmospheric correction is often 
considered critical pre-processing step to achieve full spectral information from every pixel 
especially with hyperspectral and multispectral data (Tyagi and Bhosle, 2011). This can be 
done using a variety of Atmospheric correction techniques (Gao et al., 2006). 

In our study we have used the Empirical Line tool available in Envi. This method is an 
effective correction technique that provides an alternative to radiative transfer modelling 
approaches. The method uses ground spectra of ground reference targets to calibrate the 
imagery (Karpouzli and Malthus 2003). This method has been used successfully for 
Worldview-2 imagery (Staben et al. 2011). It is important that the ground reference spectra 
are measured as close to the moment of image acquisition as possible, in order to minimize 
the chance for differences in atmospheric conditions between the time of reference 
measurements and image acquisition. 

 

For the field season 2011 we used a spectrometer equipped with a contact probe, whereas 
in 2012 we used a spectroradiometer, which allowed us to take solar reflectance 
measurements. As demonstrated further down in this report, the data obtained with contact 
probe measurements are not suitable for calibration of imagery. This has to do with the fact 
that a contact probe measures a very small surface (approx. 1cm2), while the Worldview2 
pixel size is 2m. Given the heterogeneity of the land surface, it is almost impossible to obtain 
contact probe measurements that correspond exactly with the pixel spectra.  

 

Our solar reflectance spectra from 2012 however covered a much larger surface. The 
measurements were taken with a bare fibre at approximately 120 cm above the ground. The 
bare fibre has a view angle of 21 degrees, which means that the area of view for a single 
measurement covers a circle with a radius of approximately 23 cm, which corresponds to a 
surface of 0.15 m2 This is still significantly less than the area covered by one pixel, but for 
relatively homogenous surfaces, such as asphalt roads, the tailings-dam surface, an artificial 
grass turf, a tiled roof, etc., we expect that the spectral measurement will be sufficiently 
similar to the satellite measurement to use as a reference for the 2012 WV2-image.  

After empirical line correction we used the 2012 WV2 image as a reference for the 
atmospheric correction of the 2011 and 2010 images by calculating gain and offset factors 
from the scattergrams of the respective band-pairs. The resulting images show very 
acceptable correlation (see Figure 5-18). 
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Figure 5-18. Scattergrams showing the relation (after atmospheric correction) of respectively bands 1,5 

and 8 of WV2-2012 (horizontal axes) with WV2-2011 (vertical axes, figs a, b, c) and with WV2-2010 

(vertical axes, figs d, e and f). The red lines indicate r=1. 

 

A first step in analysing WV-2 images lies in filtering out trees or forests and agricultural 
fields based on a vegetation index combining bands 2 and 4 (Figure 5-19). In a second step, 
the forests were subdivided in different forest habitat types based on vegetation index values 
calculated from bands 5 and 7 (Figure 5-19c). The existing habitat map was subsequently 

used as baseline to allocate habitat types and to conclude on the degree of pollution in the 
area. Based on this study, the green coloured areas in Figure 5-19d would most probably 

indicate the presence of acidophilous beech trees, while the pink-white area represents 
beech and beech-oak forest. Finally, beech forests are shown in pink-red colours. 

 

Also for grasslands and meadows, a further analysis was performed to describe the health 
status thereby focusing on leaf area index (LAI) of these habitats (Figure 5-19f). This was 

possible by using an index combining bands 7 and 8.  
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Figure 5-19. a. WordView-2 image, b. Habitat map, c. forest species highlighted on the habitat map, d. 

classified WV2 map indicating different forest species, e. grasslands and meadows highlighted on the 

habitat map, f. classified WV2 image of grasslands and meadows indicating different LAI values 

a. 

 a 

 b 

 c 
 d 

 f  e 
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5.4 Processing of Smartplanes imagery 

 

Two areas were flown with the Smartplanes UAV (Figure 5-20). In order to obtain an image 

resolution of 4-5 cm, we need to fly between 125-150 m above ground, whereas a survey 
altitude of 200 m AGL will give a photo resolution of approximately 7 cm. The areas that were 
flown are relatively steep, and show variations in terrain height of more than 200 m. This 
means that the surveys had to be planned very carefully in order to avoid serious terrain 
effects, such as blurred imagery, terrain distortions, inadequate overlap between flight-lines, 
strong variations in pixel size etc.  

The aerial photographs from both surveys were processed to Orthophoto mosaics and Digital 
Terrain Models using Agisoft Photoscan software. When using precision ground control 
points, we are able to achieve a horizontal accuracy for the orthophotomosaic better than 7 
cm, and a vertical accuracy of the DTM between 5 and 7 cm. If the ground control points are 
less accurate, the internal accuracy will remain, but the absolute accuracy will decrease 
accordingly. 

In this case however, we had no precision ground control points, and we therefore decided to 
use a combination of ground control points that were measured with GPS, and ground 
control points taken from the WV2-imagery and the SRTM DEM. This implies that our 
absolute horizontal accuracy will be in the order of a few meters, whereas the absolute DTM 
accuracy will be at best similar to that of the SRTM DEM, which is somewhere between 4 
and 16 m (Gorokhovic and Voustianiouk, 2006).  

 

As a test, we have also performed a successful spectral analysis of the Smartplanes imagery 
demonstrating that the ordinary natural colour photography can be used for mapping Iron 
Oxides in soils and streams (see Figure 6-25, Figure 6-26).  

 

 

 

5.5 Airborne hyperspectral survey 

The hyperspectral survey was flown at an altitude of approximately 750 m above ground, 
resulting in imagery with approximately 50 cm resolution. To cover our area of interest (Figure 

5-20), 19 lines were flown with a total line length of approximately 140 km. On 21, 22 and 

23/08/2012 field measurements were taken with the ASD spectroradiometer to assess the 
quality of this imagery and to support the image analysis. 
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Figure 5-20. Hyperspectral strips projected on the WV-2 natural colour image, showing the coverage 

of the hyperspectral survey (red) and of the Smartplanes survey blocks (blue outlines).  

 

On 20/08/2012 the AISA EAGLE system acquired the complete study area of Rosia 
Montana. In total 19 flightlines were flown by the HLB-SPECIM/Helsinki team, which details 
are found in Table 5-1.  
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Table 5-1. Details of the hyperspectral flights acquired on 20/08/2012 above the Rosia Montana study area 

 

 

On 21, 22 and 23/08/2012 field measurements were taken to assess the quality of the 
airborne imagery and form the basis for image analysis. Field measurements included: 

 ASD spectral reference measurements for dark and bright targets (Figure 5-21, Yellow 

dots) 

 ASD spectral measurements of leaves, taken with the leaf clip (Figure 5-21, Red dots) 

 GPS measurements for georeferencing 
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Figure 5-21. Location of spectral measurements of ground targets and leaves 

5.6 Airborne data quality assessment 

5.6.1 Quality of the geometric correction 
 

Boresight calibration:  

The boresight calibration was performed in Münster after mounting the scanner in the 
aircraft. 

 

Geometric correction:  

The data were geometrically corrected and orthorectified by the University of Helsinki, This 
was initially based on the use of the GPS/IMU flight data, and a detailed photogrammetric 
Digital Elevation Model supplied by RMGC. As the results showed significant errors (up to 10 
m), it was decided to use the 2012 Worldview2-imagery to obtain more accurate ground 
control. This resulted in an accuracy of better than 1m for the central parts of the image 
strips. However, we found that there was a systematic increase in error towards the edges of 
the strip. This was investigated further, and could be explained by inaccurate correction of 
the focal length distortion. Since this effect was clearly visible when mosaicking the data, we 
decided to run an additional semi-automatic co-registration of each line with the 2012 
Worldview2-image. This procedure reduced most of the geometric errors to less than 2 pixels 

5.6.2 Quality of the radiometric correction 
The airborne data processing was executed by the University of Helsinki who delivered level-
2, geometric and atmospheric corrected imagery. In a first phase two distinct atmospheric 
correction algorithms were tested, i.e. ATCOR 4 and FODIS. It was clear that ATCOR 4 
performed better in removing atmospheric absorption features from the spectra, while some 
of these still remained after processing with FODIS (Figure 5-22). 
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Figure 5-22. Comparison of the ATCOR vs FODIS atmospheric correction over an asphalt target. 

In a next step, two distinct areas were selected from the EAGLE airborne dataset for ATCOR 
data processing and included bright (sand) and dark (asphalt) targets as indicated in Figure 

5-23. 

 

 

Figure 5-23. Ground reference targets identified in the AISA EAGLE dataset 

 

The mean and standard deviation of these targets were calculated based on a 3*3 window 
around the target. The ASD measurements from the corresponding locations were 
processed and are given in Figure 5-24. 
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Figure 5-24. Spectra of the ground reference targets measured with the ASD 

 

The asphalt targets were already measured during a previous campaign (06/2012) with a 
Spectral Evolution spectrometer and could also be used additionally in the validation of the 
airborne data.  

The results of the intercomparison are given in Figure 5-25. 
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Figure 5-25. Results of the intercomparison between the ground measurements (ASD and Spectral 

evolution) and the AISA EAGLE data. 

 

From this intercomparison one can see that there is a clear difference between the ASD, 
Spectral Evolution and AISA EAGLE data, especially for darker targets. The reason for this 
discrepancy can be due to errors both in the field measurements (change in illumination 
condition between the moment of white reference and target measurements, heterogeneity 
of the targets, etc.) as in the EAGLE data (wrong estimation of the aerosol optical thickness, 
aerosol model, camera calibration, etc.). However, as no pattern could be observed, no 
possible solution to correct can be suggested. The overall shape of the spectra is very much 
alike between the ground data and EAGLE data which indicates that the EAGLE atmospheric 
correction was able to correct for gaseous constituents like water and ozone. This means 
that feature detection in a later stage of the image analysis will be possible.  

In a last step, 2 adjacent flightlines were processed, to see if the atmospheric correction is 
stable throughout the mission area. In Figure 5-26 one can see a screenshot of both 

flightlines, which were geographically linked to each other. Relative geometric accuracies of 
3 to 4m were observed throughout the images which will create some artefacts when 
stitching the flightlines together.  
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Figure 5-26. Comparison of two adjacent flight lines 

 

Several targets were identified in both images to compare the airborne spectra and evaluate 
the stability of the atmospheric correction (Figure 5-27). The average spectrum of a 3*3 pixel 

area around the targets was calculated to take possible errors in geometry into account. 
Except for the first tailings dam target, the difference between the reflectance spectra of both 
flightlines is very limited (under 4% for all wavelengths except first tailings dam). As such the 
atmospheric correction can be considered as stable and correct, and differences seen in the 
ASD-EAGLE comparison are due to accumulated errors, probably in both systems. 
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Figure 5-27. Spectral comparison of two adjacent flightlines on 6 targets.  

 



 
 IMPACTMIN WP7.3 Contract №: 244166 

107 

6 Interpretation of results of the hyperspectral 
measurements and remote sensing  

6.1 Interpretation of sediments, soils and rocks characteristics 

 

6.1.1 Stream sediments spectra 
In Figure 6-1 we have plotted the distribution for the spectral ratio R759/R937 nm, which is 
indicative for the size of the Ferric Iron absorption feature in the reflectance spectrum, and 
hence for the amount of iron-oxide/hydroxide in the stream sediments.  

This figure shows high iron contents below the dumps south of the open pit, below the 
tailings dam, and at discrete points in the main stream flowing from the village. Those 
discrete spots coincide with the convergence of drainage coming from the open pit and 
underground galleries with the main stream. 

A similar picture is shown by the pH suggesting a correlation between pH and Iron-oxide 
concentration in stream sediments. This correlation is confirmed by the trend in Figure 6-2a, 

which shows an increasing Iron-oxide concentration with decreasing pH. 

Lead and in particular Cadmium seem to show a positive correlation with the Iron oxide index 
(Figure 6-2b, c), whereas Cu, Zn and Ni seem to show a weak negative correlation (Figure 

6-2d-f). When plotted on the map (Figure 4-19), these elements show enhanced values in the 

direct surroundings of the deposit. 
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Figure 6-1. Plots of the spectral Iron-oxide index, pH, Lead –content and Copper content of the stream 

sediments around the deposit. 

 

 

Figure 6-2. Plots of pH, Cd, Pb, Zn, Cu and Ni in stream sediments against the ratio of spectral 

reflectances at 759 and 937 nanometers. 
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6.1.2 Soil and rock spectra 
 

A comprehensive description of the soil sampling procedure and analyses has been included 
in chapter 4. Samples of the main rock types occurring in the area have been collected from 
the mineralised zone, but also from outcrops at various distances from the deposit, where 
they occur mostly as individual boulders, steep edges such as scarps, riverbeds, roadsides, 
landslides, etc. (Figure 6-3). During the 2011 campaign we sampled outcrops in and around 

the deposits for spectral analysis with the ASD-fieldspec spectrometer in order to identify the 
mineralogy of the hydrothermally altered rocks and their direct surroundings. During the 2012 
campaign we took solar reflectance measurements of both hydrothermally altered and 
unaltered rocks with the Spectral Evolution PSR-3500 spectroradiometer for correlation with 
the WV2-imagery and the Airborne Hyperspectral imagery. The rock samples have been only 
spectrometrically analysed. 

 

 

Figure 6-3. Typical example of rock outcrops around the deposit (a, b and c), and other outcrops, such as 

individual boulders (d), scarps (e) and landslides (f). 

 

The first step in our interpretation of the data involved a visual interpretation of the soil and 
rock spectra in order to determine the spatial distribution of minerals that are possibly related 
to the formation or presence of the deposit. Those minerals are Illite, Kaolinite, Goethite and 
Jarosite.  

Illite is always related directly to lithology. It can be formed as a primary mineral during 
formation of the regional rocks, and it can be formed during hydrothermal processes that led 
to the formation of the Rosia Montana deposit. Our data (Figure 6-4) do not show a very clear 

pattern but it suggests that both “types” of illite are present. We see a very clear cluster of 
illite-bearing soils associated with the deposits and their immediate surroundings, which is 
suggestive of hydrothermal sericitic alteration. But we also observe illite in the regional rocks, 
and these illites are probably representative of original mineralogy of certain types of 
lithology. 

Note that the different colours of the symbols represent the strength of the diagnostic feature 
for each mineral, and not the abundance of that mineral. 
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Figure 6-4. Maps showing the presence of minerals in soil and rock samples that are possibly related to 

the formation of the deposits. (a) illite, (b) kaolinite, (c) goethite and (d) jarosite. 

 

The distribution of kaolinite shows a very clear spatial relationship with the deposits, and it is 
therefore likely that this mineral is somehow related to the presence of the mineralization. 
This can be in two different ways. In the first place kaolinite can be formed directly as a result 
of relatively low temperature acidic hydrothermal alteration (argyllic alteration). In the second 
place kaolinite can be formed as a result of weathering of feldspars that are present in the 
rocks. Those feldspars can be primary lithologic (e.g. in magmatic rocks), or hydrothermally 
formed during the so called potassic alteration. In this particular case we have the impression 
that most of the kaolinites that we find are formed by alteration of feldspars that were present 
in the magmatic rocks that host the deposit, and therefore indirectly related to the genesis of 
the deposit. 

 

Goethite seems to be dominant in and around the deposits, where it is probably formed by 
weathering of sulphide minerals. There are however other locations, unrelated to the deposit, 
where goethite is observed, and we suspect that this is related to lithological differences. 

Jarosite, which is formed directly by weathering of sulphide minerals, is indicative of very low 
pH-values (pH 1-2), and is exclusively found within the known deposits. 
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Above we have shown which minerals appear to be related, at least to some extent to the 
deposits. However, visual interpretation of spectra is a subjective method, and in order to be 
able to identify subtle changes in proportions and types of minerals present, and to 
determine if proportions of certain minerals change as a function of proximity to the deposit, 
we have to use other methods, based on numerical analysis of the spectra.   

In Figure 6-5 we have presented the plots showing the relative proportions of iron-oxides 

and/or jarosite and white mica and/or kaolinite using the relative depth of the diagnostic 
features at approximately 900 nm (iron-oxides and jarosite) and at approximately 2200 nm 
(white mica and kaolinite). 

For calculation of the depth at 900 nm we have resampled the spectrometer spectra to WV2-
spectra, because this makes it easier to correlate this ratio to Worldview imagery. This does 
not apply for the 2200 nm-feature, since this is outside of the spectral range of WV2. 

The results show a very clear correlation of the feature strengths of these two groups of 
minerals with the distance to the deposits, with highest values right at the deposits.  

However, both groups of minerals also show slightly enhanced values in the lower left 
(south-west) corner of the area. It is not clear how this should be interpreted, but since there 
seems to be a mineralogical similarity with the deposits at Rosia Montana, it could be 
interesting to check if there is any hydrothermal alteration in that area. 

 

Figure 6-5. Depth of the 900-nm feature (left) using the ratio of bands750 nm/900 nm, and of the 2200 nm 

feature (right). For the 900 nm-feature we have resampled to the corresponding WV2-bandpositions. 

Depth of the 2200 nm-feature has been computed on the basis of the relative depth in the hulled-spectrum 

using The Spectral Geologist (TSG). At the top we have plotted lab-spectra for the relevant minerals that 

show absorption features at these wavelengths. 
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6.1.3 Soil chemistry 
 

A selection of representative soil samples from the 2011 and the May-2012 campaigns was 
analyzed for the following elements: Cu, Pb, Zn, Cr, Ni, Cd and the pH. The purpose of the 
chemical analyses was: 

a) to determine if the soil chemistry shows any specific patterns in relation to the 
mineralization,   

b) to study possible correlations between soil chemistry and spectral properties of soils, and 

c) to determine if there are diagnostic variations in vegetation health that may be related to 
soil chemistry. 

 

The various metal contents in soils and the pH of the soils are plotted in Figure 6-6. In 

general, these plots do not show a very clear or systematic pattern for any of the elements 
analysed, and soils covering the Orlea and Jig areas, north of the main deposit, display 
rather strong contrasts. 

 

However, if we compare the results of the chemical analysis with the results of the spectral 
analysis of the same samples some interesting relations seem to emerge (Figure 6-7). 

 

Figure 6-6. Plots of the spatial distribution of (a) Copper, (b) Lead, (c) Zinc, (d) Cadmium, (e) Chrome 

and (f) pH. 
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In these plots we seem to observe that there is no systematic variation as far as the regional 
samples are concerned.  

However, the samples that are collected close to the deposits seem to display quite distinct 
trends, especially when compared to the regional samples. The pH diagrams (Figure 6-7a, g) 

show that with increasing proportions of iron-oxides and white micas, the soils become more 
acid. This can probably be explained by the fact that the more altered rocks, which 
underwent sericitic alteration, contain more illite and also contain more sulphides. As a result 
of weathering the sulphides will decompose into iron oxides and jarosite, accompanied by a 
decrease in pH, whereas the illite is stable during weathering and stays preserved in the 
soils, hence reflecting the original mineralogy of the altered rocks. 

 

 

Figure 6-7. Relationship between (a-f) the spectral Iron-oxide index (WV6/WV8) and some relevant 

chemical parameters, and between (g-l) the depth of the 2200 nm absorption feature and the chemical 

parameters. The blue symbols represent the (regional) samples collected in May 2012, and the red 

symbols represent samples collected in 2011 on or near the deposits. 
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6.1.4 Mapping soil and grassland variations using the Worldview2 
imagery 

 

The basic concept of using remote sensing data for monitoring environmental impact in this 
area has two major aspects 

1) Identification of differences within one single image, or in other words, a stationary 

situation, at one certain time 

2) Identification of changes between images from different acquisition dates 

 

In the foregoing sections we have described how soil composition and mineralogy change in 
relation to underlying geology, and how these changes can be identified using spectral 
information. 

 

While the spectral variation of soils as a result of changing mineralogy is certainly a key-
parameter that we would like to be able to map using remote sensing data, the situation is 
significantly more complicated, because most of the soil exposures occur in grasslands, and 
in many of these grasslands the amount of exposed soil is relatively small.  

 

As illustrated before, the variation in grasslands is fairly significant. While much of the 
observed variation can be related to differences in land-use such as crop-rotation, 
harvesting, irrigation, hay production, grazing, etc., there are also variations that clearly are 
related to natural factors such as drought, soil fertility, topography, bioturbation, etc. 

As all these factors interact with each other, the mapping of subtle spectral variations in soils 
due to environmental impact, using remote sensing imagery is not a trivial task. 

 

In the previous sections we have used spectral data collected by contact probe analysis, 
which means that the measurements were made under ideal conditions, on a very small 
(less than 1cm2) and relatively homogenous surface. The pixel of a WV2-image with 2m-
resolution will be at least 40 thousand times bigger than a single contact probe reading. 
Except for places with well exposed bare soil, which are relatively rare, most surfaces are a 
mixture of grass with varying proportions of soil exposed, and this implies that each pixel in 
the WV2-image will represent a mixture of vegetation spectra and soil spectra. It is therefore 
unlikely that pure soil spectra and image spectra are directly comparable. 

 

This is very clearly illustrated when we compare the spectral reflectance of soils measured 
with the contact probe, with the corresponding WV2-band value of the image pixel where the 
sample was collected (Figure 6-8). In order to be able to make this comparison, we resampled 

the contact probe spectra to the respective WV2-band positions using the Envi spectral 
library resampling tool. 

As described in a previous section, during the different field-campaigns we sampled in 
different parts of the area and different types of samples were collected (see section on soil 
sampling). In order to assess what impact the different sampling environments have on the 
correlation with the WV2-spectra, we have represented the different groups of samples with 
different symbols. 

 

The plots reveal that for bands 1-5 the image spectra are generally darker than the contact 
probe measurements, whereas for band 6 most samples correlate reasonably well with WV2-



 
 IMPACTMIN WP7.3 Contract №: 244166 

115 

data, and bands 7 and 8 are brighter than expected on the basis of the contact probe 
measurements.  

Compared to most rocks and soils, vegetation has lower reflectances in the WV-bands 1-5 
(see spectral graph in Figure 6-9) and higher reflectances in WV-bands 7-8, and therefore we 
can expect that mixing soils with vegetation will have the effect observed in Figure 6-8 for the 

respective bands. 

The wide scatter in these plots, especially for the rock samples (pink symbols) and the soil 
samples in vicinity of the deposits (red triangles) is probably a consequence of the fact that 
contact probe measurements do not adequately represent the inhomogeneous nature of the 
materials measured. 

 

The effects of vegetation become more obvious when we compare the various band ratios 
(Figure 6-9). Band ratios are often considered very effective for mapping of subtle spectral 
variations in rocks and soils (see e.g. Figure 6-5) as well as vegetation, and in order to be 

able to make a correct interpretation of the band ratio images, it is important to have a good 
understanding of the factors that can influence the band ratios. 
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Figure 6-8. Plots showing the relation between the spectra from contact probe samples and the 

Worldview2-spectra for the corresponding image pixels. In order to correlate the contact probe spectra 

with the WV2-spectra, the former have been resampled to the respective WV2 band positions. Rock 

samples 2011 are mostly taken from locations in or near the deposits. Soil samples 2011 are also taken 

mostly at or near the deposits. Soil samples May 2012 are regional soil samples, collected on profiles in 

grasslands. Soil samples July 2012 are taken in the transitional zone between the May 2012 and the 2011 

soil samples, mostly from fairly well exposed soils. 
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Figure 6-9. Comparison of band ratios for contact probe spectra and WV2-spectra. These are band ratios 

that are often considered useful to map subtle variations in WV2-imagery. The symbols are the same as in 

figure 29. For a better understanding of the meaning of the band-ratios, we have added a plot with the 

WV2-spectra for representative surface materials. These spectra have been obtained by resampling 

USGS-reference library spectra to WV2- band positions. 

 

These figures very clearly illustrate how sensitive most of the band ratios, in particular 
WV4/WV5, WV5/WV6 and WV5/WV7, are with respect to vegetation. WV6/WV8 is also 
affected, but the general trend observed for the contact probe measurements seems to be 
well preserved.  

The plot of the WV5/WV2 ratio reveals a completely different problem: The fact that the band 
ratio for the contact probe measurements is much lower than the ratio for the corresponding 
WV2-pixels is probably caused by an instrument problem. All 2011 samples were measured 
with an ASD spectrometer, whereas all 2012 samples were measured with a Spectral 
Evolution spectroradiometer. It was known our ASD was unstable in the shorter wavelength 
region (350 – 600 nm), causing the reflectance measurements in this region to be too high. 
Since this wavelength region corresponds to the WV bands 1-3, band ratios such as 
WV5/WV2 will be too low. 

Fortunately this problem does not seem to exist for the wavelengths longer than 600 nm, and 
the variation for the band ratios involving Worldview bands 4-8 are as expected for bare soils 
and rocks. 
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In 2012 we replaced the ASD spectrometer with a Spectral Evolution Spectroradiometer, and 
this allowed us to collect solar reflectance measurements in addition to contact probe 
measurements. During the field campaign in June-July 2012 we revisited many places that 
we had sampled before in order to take solar surface reflectance measurements of the 
locations (Figure 6-10).  

 

Since solar reflectance measurements collect the spectral information over a much larger 
surface (in this case approximately 0.15 m2) than the contact probe measurements, we 
expect that the solar reflectance spectra will therefore correspond better to the WV2-spectra.  

 

 

Figure 6-10. Locations of solar reflectance measurements collected between June 22 and July 4, 2012, and 

the locations where samples were taken for contact probe analysis. In this plot we made a distinction 

between solar reflectance targets that consisted for more than 90% of exposed soil with minor grass, and 

(grassland) targets with a ratio between 0% and 90% exposed soil. 
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Figure 6-11. Plots showing the relation between the solar reflectance spectra collected for soils and rocks 

in July 2012 and the Worldview2-spectra for the corresponding image pixels. In order to correlate the 

spectroradiometer spectra with the WV2-spectra, the former have been resampled to the respective WV2 

band positions. 

 

The results (Figure 6-11) indicate that the correlation with the WV-image spectra improves 
significantly for the solar reflectance measurements, compared to the contact probe 
measurements, the amount of scatter in the plots is significantly reduced, and there are 
significantly more samples that plot close to the line with a coefficient of 1.  
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The green “tail” trending away from this line that is visible in particular in the plots of bands 3-
5 indicates that these samples contain sufficient soil for detection with the spectrometer, but 
not enough for detection with the WV2-image. 

 

The plots of the band ratios (Figure 6-12) for the solar reflectance measurements reveal some 

very interesting patterns. The most interesting pattern is best discussed on the basis of the 
WV5/WV6-ratio (Figure 6-12c). From the spectral plot (Figure 6-12f) we can conclude that this 
ratio will be high for bare soils and rocks, and low for vegetation. We would expect that there 
will be a trend of decreasing ratio-values with increasing proportions of vegetation and that 
this trend will be more or less linear, with the result that all samples would plot near the line 
with coefficient 1. 

However, this is not the case: Starting at the origin, we find the green symbols that represent 
samples with dominantly vegetation. Those green symbols display a horizontal trend, which 
means that while we observe the increasing soil proportions in the solar reflectance spectra, 
we cannot detect them yet in the W2-imagery. Only when we have 90% soil or more, we start 
noticing the presence of soils in the WV2-data. 

The same trend is visible in all the band ratio plots except for WV5/WV2. However, this plot 
shows that all samples form one big cloud, and we cannot discriminate between soils and 
vegetation on the basis of this ratio.  

The trend that we described above has direct consequences for our analysis of the remote 
sensing imagery, as it clearly shows the inherent limitations with respect to the spatial 
resolution. 
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Figure 6-12. Comparison of band ratios for solar reflectance spectra and WV2-spectra. These are band 

ratios that are often considered useful to map subtle variations in WV2-imagery. The symbols are the 

same as in figure 32. For a better understanding of the meaning of the band-ratios, we have added a plot 

with the WV2-spectra for representative surface materials. These spectra have been obtained by 

resampling USGS-reference library spectra to WV2- band positions. 

 

In order to obtain some more insight in the spectral variations within different types of 
grasslands, and to improve our understanding of the consequences of mixing different types 
of grass cover with different proportions of soil, we have studied the spectra of different 
mixtures in the four main grassland types: a) Grasslands with long, uncut grass; b) 
grasslands with short recently cut grass; c) grasslands with different proportions of dry grass 
and d) grazing lands with short grass (Figure 6-13). 

This understanding should help us to assess more effectively when we may start seeing soil 
signatures in the grasslands, and when we may see other features that are spectrally similar 
to soils. 
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Figure 6-13. Spectral mixtures for different types of grasslands: a) Long green grass with different 

proportions of soil exposed; b) Recently cut green grassland with different proportion of soil exposed; c) 

Recently cut grassland with different proportions of dry grass; d) Grazing land with short grass and 

different proportions of soil exposed. 

 

The data show that for the long grassland (Figure 6-13a) measurements with 50% soil still 
have a significant vegetation signature and we will probably not be able to identify the soils in 
these grasslands on the basis of the WV2-imagery. The detection of soils would be slightly 
more efficient if we also had spectral coverage in the SWIR-region, since the 2200 nm – clay 
absorption feature is fairly clear in the measurement with 50% soil. For the recently cut green 
grassland (Figure 6-13b) the spectrum at 25% soil is less affected by the presence of grass. 

This figure indicate that if short, recently cut grass has more than 25% soil exposed, we will 
probably be able to recognize this in our image spectra. A very weak clay-feature at 2200 nm 
appears in the spectrum of 10% soil exposure. For the recently cut grass with dry grass 
(Figure 6-13c) we see a significant change in the spectrum in the presence of as little as 25% 

dry grass, and on the basis of these spectra we expect that grasslands with more than 25% 
dry grass will appear very similar to exposed soil. For grazing land (Figure 6-13d) the situation 

is most favourable for mapping soils. The graph suggests that for grazing lands we will be 
able to map soils when present in proportions as low as 25%. 
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6.1.5 Image classification of soils 
 

As described above, the variations in the appearance of grasslands in the imagery will 
depend on a complex interaction of human and natural factors. It is important that we are 
able to map these variations, because this will provide us with the tools needed to 
understand and monitor subtle changes over longer periods of time.  

Our study of the correlation between field spectra and image spectra clearly demonstrates 
that image resolution is a key factor that determines our ability to map these subtle variations 
and changes. The fact that the spectral response in the WV2-imagery is so strongly 
dependent on the proportion of soil in a pixel implies that we cannot simply compare spectra 
from different grasslands, but that we have to divide the grasslands into classes on the basis 
of the expected proportion of soil exposure. The only way we can do this is by looking at the 
greenness of the grasslands, assuming that browner colours correspond to higher 
proportions of exposed soil. 

We are aware that this is not entirely realistic, as the brown colour of the grasslands is also 
frequently associated with grasslands that have recently been cut (see Figure 6-14 and Figure 

6-15). In those cases it is more likely that the brown colours are a combined result of short 

dry brownish grass, and – because of the shorter grass – increased proportions of exposed 
soils. However, since the spectra of dry grass and clayish soils are very similar (Figure 6-13), 
especially in the VNIR, they are very hard to distinguish. 

The images displayed in Figure 6-14, Figure 6-15 give some examples of situations where the 

high resolution Smartplanes imagery provides information that is essential for the 
understanding of the land-use processes that we are actually observing in the WV2-imagery. 
These images contribute significantly to our ability to interpret the spectral variations in the 
context of the dynamics of the surface cover. 
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Figure 6-14. Comparison of the July 2012 WV2 imagery and the Smartplanes imagery for various types of 

soil exposures a-b: red arrows mark examples of recently cut, and dried grasslands. Hay stacks are clearly 

visible on the Smartplanes image; Blue arrows indicate exposed soil in a crop field. c-d: Red arrows mark 

examples areas that appear to be in the process of being cut. Blue arrows mark examples of exposed soil. 
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Figure 6-15 e-f:  The red arrows mark a strange zoning in the grasslands for the WV2-image. This zoning 

is not visible in the Smartplanes image. We suspect that in this area the cutting of the grass is still in 

progress, and that in the brown areas grass has been cut in the four days lapse between the acquisitions of 

the two datasets, whereas the greener part has probably been cut more recently. The blue arrows mark 

exposure of rocks and soil. g-h: image of typical grazing land with very short grass, and many small spots 

with exposed soil (see also figure 6-12. The blue arrow marks a small pile of gravel. The other white spot 

on the Smartplanes image is our field-van. 

  

Dividing the grasslands into classes on the basis of the inferred proportion of soil exposure is 
best done using the relationships between WV2-bands 5 and 6, or 5 and 7, as they appear to 
be most sensitive to changing proportions of soil and grass (Figure 6-12). On the basis of 

tests performed with the WV2-image acquired in 2012 we decided that the NDVI (WV5+ 
WV7/WV5-WV7) was most suitable to classify the surface. We classified the surface into four 
classes ranging from 100% soil to almost no soil in an empirical manner using the following 
threshold values: 

NDVI < 0.301: No vegetation (Figure 6-16, red pixels) 

NDVI 0.301 – 0.601: Some vegetation (Figure 6-16, orange pixels) 

NDVI 0.601 – 0.681: estimated 50/50 vegetation/soil (Figure 6-16, green pixels) 

NDVI 0.681 – 0.748: some soil (Figure 6-16, blue pixels) 

NDVI > 0.748: pure grass 
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Figure 6-16. Results of the WorldView2 land-cover classification using the NDVI. Arrows mark the 

locations discussed in the previous section. For explanation of the colours, see text above. 

 

The results (Figure 6-16) show that this approach can effectively be used to subdivide the 

exposed surface into different classes that reflect the status of soils and grasslands. The 
results of this procedure can be used to map spectral differences between soils that occur 
within the same soil class (Figure 6-17).  
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As demonstrated before, the presence of vegetation has a clear effect on several band 
ratios, and even though for the WV6/WV8 ratio the effect is not as strong as for other ratios, 
we have to evaluate the results separately for each of the different classes of soil-exposure 
(Figure 6-18) in order to make sure that we do not mix up different phenomena. 

The results show very clearly that for the class of the bare soils, most of the enhanced 
WV6/WV8 values are associated with the areas of mining activity. For the class of the soils 
with some vegetation we see however that the ratio values are generally much lower. When 
comparing the results with the spectral measurements we see that there is a fairly good 
correlation between the image data and the solar reflectance measurements (Figure 6-18a). 
For the contact probe data (Figure 6-18b) we observe that the contact probe values are in 

reasonable agreement with the image data for most of the bare soil class. However, for the 
more vegetated areas the image values are consistently lower than the contact probe values. 
As demonstrated in previous sections, this discrepancy is a result of the presence of 
vegetation in the pixel. The results confirm that with increasing proportions of vegetation, the 
original soil spectra become increasingly less visible. However, the positive side is that in the 
case of environmental impact leading to deterioration of the grasslands, and hence better 
exposure of soils, we will automatically be able to detect this process. Since most of the soils 
are richer in iron oxides than expected on the basis of the current image data, the WV6/WV8 
ratio will by definition increase if the proportion of vegetation in a pixel decreases. 
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Figure 6-17. WV2 band ratio (6/8) results for the 2012-image for soil class 1 (bare soils, top) and soil class 

1 and 2 (bare soils and scarce vegetation respectively, bottom). 
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Figure 6-18. Field spectra were resampled to WV2-bands, and the plots show the ratio of the WV6/WV8 

for the solar spectra (top) and for the contact probe spectra (bottom) overlain on the same ratio for the 

WV2-image. The same colour scheme has been used for the image data and the field spectra. 
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6.1.6 Time series analysis and temporal monitoring 
 

The procedure that we propose for the analysis of the satellite imagery is very suitable to 
monitor temporal changes such as proportions and mineralogical composition of exposed 
soil as indicators for vitality of grasslands over time using multi-temporal imagery provided 
that the atmospheric correction of the images is performed correctly. Proper atmospheric 
correction is essential otherwise it is not possible to maintain the same thresholds throughout 
the time-series of images. 

Monitoring of changes in proportions of soil/grass for grasslands is important because these 
changes may be used as indicators for degradation of the environment due to mining 
activities. Increased environmental pressure may lead to deterioration of the grassland-
ecosystem, and hence to increasing proportion of exposed soil at the expense of grass 
cover. 
 
Monitoring these changes can be achieved by comparing the maps for each soil class over 
subsequent years. In our example, we have generated soil-proportion maps for three 
consecutive years (2010-2011-2012) using WV2-imagery (Figure 6-19). Combination of each 

class into an RGB image for the three consecutive years will show very clearly where 
changes occurred over time. 
Clearly one has interpret these results with care, because such changes can also be related 
to climatic conditions (e.g. dry vs rainy years) and to changes in land-use (e.g. grazing-land 
vs hay-land) 
 
As demonstrated in a previous section, from a spectral point of view the variations in iron-
oxide/jarosite content and white mica and clay (illite, kaolinite) content form the most 
prominent mineralogical changes in the soils in the Rosia Montana area.  
 
In contrast to the micas and clays, which probably represent primary lithology, Iron oxides 
and Jarosite are related to weathering 
 
Several authors (Hill, 1993; Richter et al., 2006) have demonstrated that one of the more 
noticeable effects of soil degradation is an increased weathering due to deterioration of the 
protective vegetation layer and removal of organic-rich topsoil. Increased and prolonged 
weathering will result in alteration of the original minerals into clay minerals such as 
montmorillonite, nontronite, beidellite, halloysite, etc. During the weathering process iron is 
released from these minerals and becomes oxidized, and the ferric iron will subsequently be 
accumulated in the residual soils in the form of oxides and hydroxides. In the presence of 
pyrite, even minerals such as jarosite may be formed. These secondary Iron minerals can be 
mapped very effectively using imaging spectroscopy (Richter et al, 2007).  
This implies that we will be able to monitor potentially important changes in the condition of 
soils over time by estimating the proportion of Iron in soils.  
Earlier in this study we have demonstrated (Figure 6-5) that, using resampled soil spectra, the 
band ratio of WV(6)/WV(8) is a very effective estimator of the proportion of Iron-oxides and/or 
Jarosite in soils. 
 

In order to demonstrate the procedure to monitor the changes in soil mineralogy over time, 
we have calculated the difference between the WV6/WV8 band ratios of 2010 and 2012, for 
each individual soil class. The results show (Figure 6-20) that for the bare soil class there has 

been almost no change in the areas that were strongest affected by the past mining (the 
open pits and the tailings dam). Some other locations however show fairly significant change. 
These areas correspond with areas that have recently been stripped from vegetation 
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For the second soil class (with some grass cover), there appears to be more differentiation. 
For example there is a zone north of the town of Rosia Montana, where we have mapped 
increased Fe-oxides contents in soils. 

 

 

Figure 6-19. Distribution of soil classes for 2012 (a), 2011 (b) and 2010 (c).By combining a specific soil 

class for each year into an RGB colour composite we can visualize the changes for a specific soil class over 

time (figs. d-g). Fig. d: (Red) distribution of bare soil in 2012, (green) distribution of bare soil in 2011, 

(blue) distribution of bare soil in 2010. Fig. e: same for the second class (soils with some vegetation). Fig. f: 

same for the third class (soils with significant vegetation). Fig. g: same for the fourth class (mostly 

vegetation with some soil) 
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Figure 6-20. Difference of the Ratio WV6/WV8 between 2010 and 2012 for bare soils (top) and soils with 

some grass-cover (bottom). Higher values indicate an increase of Fe-oxide content in 2012 compared to 

2010.  
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6.1.7 Hyperspectral mapping of soils 
 

The main purpose of the acquisition of the hyperspectral imagery was the ability to map 
changes in vegetation stress. However, because of the high spatial and spectral resolution of 
the data we expected that they will be also very valuable for mapping variations in 
proportions of soil/grass in grasslands as well as subtle compositional changes of soils with 
respect to the presence of iron oxides and jarosite.  
 
Classification of soil/grassland proportions 
 
In a previous section we have already noted for Worldview2-imagery that mixing relatively 
small amounts of vegetation with soils can strongly influence the resulting image spectra 
(e.g. Figure 6-12). A similar comparison (Figure 6-33) between surface measurements and 
the hyperspectral image spectra demonstrates that increasing the spatial resolution from 2m 
(WV2) to 50 cm (hyperspectral) hardly makes any difference;  
 

 

Figure 6-21. Left: comparison of WV2-pixel signatures with corresponding field spectra; Right: 

comparison of AISA-Eagle pixel signatures with corresponding field spectra. 
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The data show very clearly that also for the 50 cm imagery, relative small amounts of 
vegetation have a significant impact on the image spectra. However, a major difference with 
the Worldview2 imagery is that the likelihood of finding exposed patches of bare soil with size 
of 0.25m2 will be significantly higher than finding exposed bare soil patches with a size of 
4m2.  

Hence we expect that potential of mapping small patches of bare soil will be much higher 
when using the 50 cm hyperspectral data. This can be investigated by comparing the 
classification for bare soils from WV2-imagery and AISA-Eagle imagery (Figure 6-34), using 
the same methodology of thresholding of the NDVI. As a reference, we have also generated 
a bare soil map from the Smartplanes imagery using a spectral angle mapper classification.  

 

Figure 6-22. Top: Results of Spectral Angle classification for Smartplanes imagery. Red pixels represent 

exposed bare soils. Bottom: Results of bare coil classification using for WV2 (blue pixels) and 

hyperspectral (red pixels), based on thresholding of the NDVI. The grid interval is 50m. 
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This figure clearly demonstrates that the hyperspectral imagery indeed enables us to map 
much smaller exposures of bare soil. It is very interesting though to note that the 
Smartplanes imagery yields by far the most detailed and accurate map of exposed soils 
(Figure 6-22 top, red pixels). 

 
Mapping of Iron oxides in soils 
 
In the previous section we demonstrated that we can successfully map iron oxides in soils 
using WV2 band ratios WV6/WV8, but that discriminating between goethite and jarosite is 
much less simple. 
While the main absorption feature of jarosite is located in the SWIR (around 2250nm) the 
laboratory spectra (Figure 6-23a) show that there is enough spectral difference in the VNIR-

range differentiate between Jarosite and Goethite. 
However, the characteristic difference between the jarosite and goethite spectrum in the 
VNIR – the shift of the position for the maximum from 760 nm to 710 nm – cannot be 
mapped in WV2-imagery (Figure 6-23b). The other diagnostic features of these minerals are 

the broad absorption features around 650 nm and 900 nm. Unfortunately these features are 
shared by both minerals, and as jarosite normally does not occur on its own (especially at the 
scale of a WV2-pixel), but as a mixture with goethite, we can only assess the proportion of 
jarosite/goethite by looking at relative depth of these features. In the case of WV2-imagery 
this means that we can map secondary iron minerals in soils by looking at the ratio of 
WV6/WV8, and assume that larger WV6/WV8 band ratios may indicate larger proportions of 
jarosite/goethite in soils. 
 
Our hyperspectral imagery however makes it possible to look at the full VNIR-spectrum, and 
should be easier to directly map the diagnostic changes in the spectral curves related to the 
presence of jarosite and goethite in soils (see Figure 6-23c), using supervised classification 
on the basis of image-derived end-member spectra. 
 

 
Figure 6-23. Spectra of Jarosite and Goethite from the USGS- spectral library and AISA-EAGLE 

imagery. 

 
After performing a Spectral Angle classification using the two end-member spectra (Figure 

6-23c), we have thresholded the resulting rule-images, and combined the maps for jarosite 
and goethite into a composite mineral map (Figure 6-24). Overlain on this map are the 

interpreted field spectra, showing the locations where jarosite was abundant (red symbols), 
weak (yellow symbols) and absent (blue symbols). In general there is a good correlation 
between the field spectra and the classified image, showing well defined Jarositic zones in 
the large (Cetate-Carnic) open pit and some smaller jarosite occurrences over the Vaidoia 
/Jig and Orlea orebodies.  
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Figure 6-24. Results of supervised classification of the AISA-EAGLE hyperspectral imagery. Red pixels 

indicate the presence of Jarosite, and blue pixels the presence of Goethite. The red symbols show the field 

samples with a prominent jarosite signature, the yellow symbols show samples with a weak jarosite 

signature, and the blue symbols are the samples without jarosite. 
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Comparison with the WV2 Iron oxide classification 
 
Since the acquisition and processing of high-resolution hyperspectral imagery is very 
expensive compared to the cost of WV2-imagery (see Figure 6-31) it is important to evaluate 

the potential advantages offered by the hyperspectral VNIR for Fe-oxide mapping as 
opposed to the lower cost WV2. 
 
In previous sections we have demonstrated that the VNIR hyperspectral-imagery can be 
used successfully to map Iron oxides and Jarosite. In its ability to map Jarosite in a more 
reliable manner, the hyperspectral data clearly give us an advantage compared to WV2. It 
can also be expected that iron oxides can be mapped more accurately and in greater detail 
with the hyperspectral data compared to WV2-imagery because of the much higher spatial 
and spectral resolution than Worldview2. This is quite important since this may make it much 
easier to detect and map processes of land degradation.  
 
For that reason we have compared the maps with relative iron-oxide abundances (Figure 6-25 
and Figure 6-26) obtained from Worldview2 imagery (using the WV6/WV8 band ratio) and 

hyperspectral imagery (using the ENVI spectral angle mapper). As a reference we have used 
the ultra-high spatial resolution Smartplanes data, since in those images we can visually 
identify the presence of iron oxides with great detail.  As a small test, we have also made an 
attempt to perform a spectral classification of the Smartplanes imagery to see if it would be 
possible to map iron-oxides directly from normal natural colour airphotos. The classification 
was done using a simple spectral Angle mapper, and the results (Figure 6-25 and Figure 6-26) 

demonstrate that these data are actually extremely accurate, and can be used very 
successfully to map iron oxides in soils. 
 

 
Figure 6-25. Comparison of Iron-oxide classification on the basis of WV2 and Hyperspectral imagery for 

an acid drainage outlet of the tailings dam. A: (top left): Smartplanes image; B: (top right) Classification 

of WV2-imagery; C: (bottom left) Hyperspectral classification and D: (bottom right) Smartplanes 

classification. 
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Figure 6-26. Comparison of Iron-oxide classification on the basis of WV2 and Hyperspectral imagery for 

the face of the tailings dam. A: (top left): Smartplanes image; B: (top right) Classification of WV2-

imagery; C: (bottom left) Hyperspectral classification and D: (bottom right) Smartplanes classification. 

 

6.1.8 The pseudo-hyperspectral evaluation 
 

The collected samples were analysed with an ASD FieldSpec reflectance spectrometer and 
the acquired spectra compared against USGS spectral library for classification purposes. 
Majority of the analysed samples fall into the intimate mixtures of iron oxide (hematite) and  
hydroxide (goethite), sulphides (jarosite, copiapite, scwhertmannite), clay minerals (kaolinite, 
illite, halloysite, montmorillonite), or other silicates (sericite, epidote) or feldspars (microcline). 
The intimate mixtures were resolved with principal component separation into mineral-
dominant 4 bins, determined by the strength of the perceived absorption feature (e.g. broad 
600-900 nm absorption for Fe minerals, 2200 nm for clays, etc.) and the categorized results 
divided into four bins: clays, iron oxides, hydroxides, sulphate minerals. The intensity of the 
particular group was determined through the depth of the particular band-center 
characteristic for the group (e.g. 2200 nm for clays) and then, using continuum-removed 
spectrum, cross-compared for the strength of the particular absorption feature on the scale of 
1 through 10, where the “intensity vector” corresponded with the particular absorption 
minimum along the characteristic band minimum. The methodology from which the 
classification of spectral features has been adapted is presented in detail by Kokaly et al. 
(2007).  

The resulting spectral groups, along with the GPS coordinates for the collected samples and 
with the particular intensity values were then imported into Geosoft’s Oasis Montaj database 
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and treated like “intensity” values of a four-channel geophysical sensor (e.g. a gamma ray 
spectrometer). The intensity values were transformed into a “grid” using Krigging function 
and then displayed as ternary ratio images of grids, to show for the potential correlations. To 
make it easy to interpret these pseudo-spectral grids, the three of four dominant sources 
(FeO, Sulphate, Clay) or ratios of each (FeO versus FeOH or Clays versus Sulphate) can be 
combined into a ternary image. The ternary geophysical images are presented as a 
constituent-ratio map. Brightest colours are used for highest levels of Clay (cyan), Jarosite 
(magenta) and FeO (yellow) grading to black where lowest levels of all three are recorded, or 
red-green-blue primary colours where there are mixtures. White colours indicate that all 
constituents are at high concentrations. The values can also be displayed as point-source 
concentration values or ratios for comparison with other types of data (e.g. Worldview 2).  

The results on Saliste waste-pile show increased concentration of sulphate minerals in the 
central and eastern portions of the pit. Other areas are relatively stabilized with clay minerals, 
but in the areas where the water-flow is encountered, sulphates and hydroxides are able to 
breach the clay cap and continue to be transported further. This is to be expected as the 
clays are relatively inert while the areas where sulphates values are higher tend to be 
coarser and sandier in appearance, facilitating their transport by the waters entering the 
tailings dam on the East.  

 

Figure 6-27. Ternary image map of three main constituents of interest on Worldview 2 image data 
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Figure 6-28. Ternary map and relative concentrations of jarosite overlapped on Smartplanes
tm

 UAV 

generated image and DEM.  
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Figure 6-29. Relative abundance of clay, iron-oxide, and jarosite.  

 

In the main area of the mine, the Cetate pit, the main concentration of sulfate minerals 
appears to be directly associated with the mineralization of vein stockwork and breccia 
targets and as such remains mainly concentrated within core of the pit. The other clays and 
iron-minerals are mainly on the periphery in the relatively wide-spaced alteration zone. The 
clay cap is concentrated mainly around dacite intrusives to the southeast. There appears to 
be very little emission from the pit itself and the majority of sulfate minerals appear to be 
fairly contained, with exception of the zone in the far west-northwest segment of the pit which 
indicates presence of jarosite on a hillside, which may drain downhill towards the ravine and 
creek leading towards Abrud River.   
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Figure 6-30. Ternary map showing relative abundances of jarosite (green), FeO (red) and clay minerals 

(blue) overlain on Google Earth image of Cetate pit, looking East.  

 

The method shows that field spectroscopy and new visualization/gridding techniques are 
adequate in discerning problematic zones. The signal originates from the measurements 
made on the upper few centimetres of surface so it is representative of the geochemistry of 
the examined land surface. Soil formation processes such as erosion and transport by wind 
and water have concentrating or sorting effects on the relative abundance of the analysed 
classes across the landscape, but this type of sampling and imaging gives significant insight 
into these processes and the present pattern of surface mineralogy types. Even though it is 
more cumbersome to carry out these kinds of surveys, it shows how spectroscopy can be 
effectively used to create surface-mineral cover maps in a wider area of interest.  
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6.1.9 Cost-benefit considerations 
 
In the previous section we have demonstrated that all three types of imagery (WV2, 
Hyperspectral, and Smartplanes) can be used to map variations in soil/grass coverage and 
to map the presence of iron oxides. We have identified limitations and possibilities at different 
scales and with different accuracies, and this allows us to select a particular type of imagery 
depending on the requirements of the end-user. 
 
Besides these technical aspects, also the cost of the data will form an important aspect that 
needs to be considered in the selection of the type of imagery that will be used in such a 
monitoring project. For that reason we have made an assessment of the cost for each data 
type per square km based on our experiences in Rosia Montana area. In order to investigate 
the cost per square km as a function of the size of the survey-area, we calculated the cost for 
two scenarios based on the actual costs that were made in this project: 

a) a survey area of approximately 100 km2, which corresponded to the actual survey 
area in this project 

b) a survey area of 10 km2 
 

 
For the calculation of the costs we have used the following assumptions: 

a) The hyperspectral survey has to be mobilised from Münster or a comparable place 
b) There are no “bad-weather days” 
c) Administrative costs (flight permitting, etc.) are included 
d) A Smartplane UAV would be available on site (owned by the mining company), which 

means that there would not be mobilisation costs. 
e) The minimum coverage for Worldview2 imagery is 100 km2 

 
The results of our computations demonstrate that for the scenario of 100 km2 (Figure 6-31a) 

we see a logarithmic increase of cost per square kilometre as a function of resolution. 
However, for smaller areas (Figure 6-31b) we see that the hyperspectral survey becomes very 
expensive compared to the Smartplanes UAV survey. This means that for small areas it will 
be cheaper to use a UAV instead of a manned aircraft. According to our data, the break-even 
point lies around an area of 25 km2 
 
The fact that a UAV-survey is so much more cost-effective for smaller areas invites us to 
investigate the possibilities of other sensors, such as the VNIR hyperspectral framing camera 
that has recently been developed by the Finnish Technical Research Centre, VTT. 
(Honkavaara et al. 2012, see also http://www.rikola.fi/tunable_optical_filter.htm) 
 

 
Figure 6-31. Cost of data acquisition, pre-processing and analysis for WorldView2, Hyperspectral 

imageryand Smartplanes imagery per square km. a: (left) for a scenario of 100 Square km and b: (right) 

for a scenario of 10 square km. 

 

 

http://www.rikola.fi/tunable_optical_filter.htm
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6.2 Monitoring vegetation stress 

6.2.1 Monitoring vegetation stress – leaf level 
 
In this section, the impact of past mining activities on the health status of birch trees in the 
Rosia Montana area is investigated. In first instance, a statistical analysis is performed to 
define wavebands and waveband ratios that are able to spectrally distinguish birch leaves 
sampled in a polluted area from those in a remote area. The result of this analysis is 
afterwards applied on the whole birch leaves dataset gathered in June and August 2012. 
Finally, this work is extended to the airborne hyperspectral dataset, gathered in August 2012. 
  

   

Figure 6-32. Birch trees in the study area and GPS measurement 

 

In June 2012, 39 leaves of a birch tree located near the tailings dam in polluted area were 
spectrally sampled. Also a birch tree in a remote area was selected of which 40 leaves were 
spectrally measured.   

 

 

Figure 6-33. Leaf spectral sampling with the plant-probe.  
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The leaf spectra of both trees were used in a decision tree classification, from which the most 
appropriate waveband to distinguish the 39 polluted from the 40 non-polluted spectra, was 
obtained. The analysis resulted in the selection of waveband 706.8 nm with reflectance 
values lower than 0.16 belonging to the polluted tree and higher than 0.16 to the non-polluted 
tree. A classification accuracy of Kappa = 0.72 was thereby obtained. Since the selected 
waveband corresponded to the red edge inflection point (REIP), a more detailed analysis 
with derivative spectra was performed. From the derivative study, it seemed that a shift of the 
REIP existed to longer wavelengths in polluted areas. Those results were unexpected, since 
it has been shown previously that the maximum first derivative of grassland spectral 
signatures in the red-edge region yielded a significant, negative correlation with the total 
heavy metal concentration in the soil. Hypothesis in that study was that heavy metal 
contamination in the soil has a negative effect on the chlorophyll concentration of the leaves, 
which could not be seen in the trees under investigation.  

 

However, when plotting the REIP values of all sampled trees on a WV2 image, a gradient 
toward lower REIP values is observed in the open pit area and its surroundings, which 
corresponds well with results published by other authors.

 

Figure 6-34. REIP values for all sampled birch leaves in Rosia Montana area  

 

Furthermore, the decision tree classification with derivative spectra of the two selected trees 
showed lower derivative values at 2280 nm for polluted compared to non-polluted leaves 
(kappa=1).  
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Figure 6-35. Derivative spectra of the polluted (purple) and non-polluted (green) birch leaves, with 

horizontal grey lines indicating the most informative bands according to the outcome of the decision tree 

classification. 

   

It has been found in literature that this 2280 nm spectral region is influenced by the 
absorption of biochemicals, such as foliar nitrogen and lignin concentrations. Fourty et al. 
(1996) reported absorption peaks of nitrogen and lignin (Table 6-1) based on previous works 

by Curran (1989) and Himmelsbach et al. (1988): 

 

Table 6-1. Absorption peaks of nitrogen and lignin 

Biochemical  Absorbing Wavelength (nm) 

Nitrogen 1020, 1510, 1730, 1980, 2060, 2130, 2180, 2240, 2300 

Lignin 1120, 1200, 1420, 1450, 1690, 1754, 1940, 2262, 2380 

 

In-depth literature analysis revealed a direct link between lignin and heavy metal content. 
Several authors reported that an increase in lignin content is considered as a common plant 
response to various environmental or stress factors, such as ozone (Cabane et al. 2004) or 
heavy metal (Diaz et al. 2001; Jbir et al., 2001; Dixon et al., 2002; Janas et al., 2002; 
Mandre, 2002; Winkel-Shirley, 2002; Jouili & Ferjani, 2003; Lin et al., 2005; Yang et al., 
2007; Kovacik & Klejdus, 2008) exposure, which may induce or alter lignin synthesis. 

 

Serrano et al. (2002) proposed the Normalized Difference Lignin Index  

     
   

 
     

    
 

     

   
 

     
    

 
     

 

as index to asses lignin in native shrub vegetation with remote sensing data. They found out 
that NDLI provided consistent and significant results across vegetation communities and 
functional types. As a consequence, the NDLI index was calculated for the polluted and non-
polluted tree leaves. It can be seen for Figure 6-36 that NDLI values of polluted leaves are 
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higher than those of non-polluted leaves. Higher NDLI values indicate the presence of more 
lignin which point toward higher levels of heavy metals.    

 

 

Figure 6-36. (left) NDLI boxplot for healthy (2) vs polluted (1) tree leaves sampled in June 2012.(right) 

NDLI boxplot for non-polluted (1) vs polluted (2) tree leaves sampled in August 2012. 

 

In August 2012, the sampling of leaves from a polluted and a non-polluted birch tree was 
repeated twice. Leaf samples were taken from the top, middle and bottom part of the trees, 
to enable a differentiation in biochemical content at different canopy height levels.    

The analysis of the leaf spectra gathered in August 2012 corroborated with the findings of 
June 2012. An increase of NDLI values was observed for polluted trees.  

 

In August, autumn colour appeared in some of the sampled leaves. Apparently, lignin breaks 
down when leaves discolour, because NDLI values were found to be lower in yellow leaves.  
Yellow leaves were therefore excluded from further analysis.  

 

Boxplots of polluted and non-polluted tree leaves are shown in Figure 6-37.  

- 1 - 3 : non-polluted tree 1 top, mid, bottom  
- 4 - 6: non-polluted tree 2 top, mid bottom 
- 7 - 9: polluted tree 1 top, mid bottom 
- 10 - 12: polluted tree 2 top, mid bottom 

 

Top leaves have generally more lignin content than leaves at the bottom of the tree (Figure 

6-37). This can be due to the presence of more heavy metals in the top of the trees (Chaney 

and Giordano, 1977). 
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Figure 6-37. NDLI boxplots for non-polluted tree leaves sampled from the top (1&4), center (2&5) and 

bottom (3&6) of the trees and for polluted tree leaves sampled from the top (7&10), center (8&11) and 

bottom (9&12).  

 

Besides the leaves of the two (June 2012) and four (August 2012) selected birch trees, many 
more leaf samples were taken from, amongst others, small, medium, and large birch trees 
and hornbeam trees. NDLI values did not show significant differences between the different 
birch tree groups, but hornbeam did have a significant (Wilcoxon rank test p<0.001) lower 
lignin content compared to the birch trees (Figure 6-38).  

 

Figure 6-38. NDLI boxplots for tree leaves sampled from small (1), medium (2) and large (3) birch trees 

and for hornbeam (4) leaves sampled in August 2012.  

 

NDLI values of all sampled birch leaf spectra were plotted on a WV-2 image (Figure 6-39), in 

order to show their spatial distribution. Overall higher NDLI values can be observed for birch 
trees located near to or on the open pit area. Based on the spatial patterns, NDLI was found 
to be the best predictor for heavy metal stress out of a bunch of tested vegetation indices.  
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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








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: 

             

             
 



 
 IMPACTMIN WP7.3 Contract №: 244166 

152 

 

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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