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EXECUTIVE SUMMARY 

This report contains details of the Earth observation studies for the Chelyabinsk-Orenburg 
regions of the southern Urals of Russia. Two ódemoô sites were selected for study which 
show a representative range of mining-related contamination in the South Urals, and from 
different climatic/vegetative zones: Karabash in the Chelyabinsk district, in the South Taiga 
vegetative zone (moderate continental climate), and Mednogorsk in the Orenburg district, in 
the Steppe zone (strong continental climate). Sources of contaminants in Karabash include a 
Cu smelter, metallurgical and mine waste dumps, tailings, abandoned underground mine 
workings and contaminated soils and sediments.  

The Mednogorsk site contains an active Cu smelter, 2 abandoned open pit mines (now pit 
lakes), metallurgical and mine waste dumps and tailings, a water treatment plant, and an 
abandoned underground mine and beneficiation mill. Studies undertaken in 2001-2002 at the 
Karabash site, as part of the FP5 MinUrals contract (ICA2-CT-2000-10011) and a Royal 
Society Joint Collaborative grant showed that atmospheric SO2 and metal-rich particulate 
emissions from the Karabash smelter were of most immediate environmental concern, likely 
to be impacting on human health and ecosystems for more than 30km from the smelter. Low 
cost, discreet and sensitive methodologies were developed to assess the temporal and 
special fallout of particulates from the smelter, including the sampling of snow, pine needles, 
garden vegetables, lake sediments, lichen transplants and soils. Surface water and stream 
and lake sediment sampling was carried out to assess the extent of contamination from acid 
rock/mine drainage from wastes, tailings and abandoned mine workings and effluents from 
the smelters and processing plants.  

The most successful of these methodologies were repeated for Karabash under the 
ImpactMin project, to both óground truthô data obtained from remote sensing studies and to 
determine if the installation of new ócleanerô smelter technologies in 2006 have been 
effective. At Mednogorsk, because of the very different climatic and vegetative conditions, 
tree and epiphytic lichen studies could not be undertaken; studies were therefore based on 
soil sampling and geochemical and spectral analysis, and remote sensing.  

The main results from the study are that: the main zone of impact extends around 8 to 15 km 
from the smelter, depending on wind direction; soil Pb concentrations are ca. 15 times 
greater than background levels (~20 ppm) at a distance of 5 km, and 150 times background 
levels within 2 km of the smelter. Similar enrichment factors were observed for Cd, Mo, Cu, 
Zn and As; Pb concentrations in native lichens (preliminary data) were higher in 2011 than in 
2001, despite the installation of the Ausmelt system; SO2 and airborne particulate from 
different processes in the smelter are decoupled during atmospheric transport, with large Cu-

Fe-rich (30 to >100 mm) particulate from the blast furnace deposited in lichens closest to the 

smelter (<12 km), finer (<2 mm) particulate from the converter carried up to and probably 
beyond 30 km, and SO2 (and related secondary particulate) impacting the forest either 
locally, in discrete areas (as identified from airborne imagery) due to temperature inversions 
and topographic effects, or carried along with the converter particulate to greater distances; 
there is an excellent correlation, showing a zonal pattern of impacts around the smelter, 
between the data from the spectral analysis of birch leaves, the results from time series 
analysis of hypertemporal satellite imagery and the geochemical data for lichens, snows and 
soils. The implications of these findings are discussed. 
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1 INTRODUCTION 

The objective of the ImpactMin project was to develop new methods and a corresponding 
toolset for the environmental impact monitoring of mining operations using Earth observation 
(EO). Four demo-site regions were considered: Kristineberg (Sweden), the Vihovici mine in 
Mostar (Bosnia and Herzegovina), Rosia Montana (Romania), and two mining sites in the 
Orenburg region (Russia) (Fig. 1.1). 

 

Fig. 1.1 Location of the ImpactMin demo-sites 

The objectives of WP7.4 were the calibration, testing and verification (óground-truthingô) of 
remote sensing concepts and tools (WP6) for environmental and socio-economic impact 
monitoring of mineral resource exploitation in the Chelyabinsk-Orenburg regions of the South 
Urals of Russia. Environmental assessment in the southern Urals needs to be: 1) relatively 
low cost, to meet the requirements of local monitoring agencies and to yield results within the 
budget-limited framework of the ImpactMin project; 2) discreet, to avoid monitoring devices 
being tampered with or removed, and to prevent any misunderstandings amongst the local 
population that the environmental assessments being carried out will result in the closure of 
operations. This is a politically and socially sensitive issue as the mining-related industries in 
the southern Urals are major employers and therefore closure would have devastating 
consequences for the local population. The closure of the Karabash smelter in October 1989 
(on environmental and public health grounds) brought severe economic hardship which 
resulted in its re-opening in 1997. 

From Deliverable 4.3 ï óSatellite mission planning for the demo-sitesó, it was recommended 
that WP7.4 should focus on two demo-sites, one from each of the main climatic-vegetative 
zones in the South Urals, Karabash in the Chelyabinsk district, in the South Taiga vegetative 
zone, and Mednogorsk, Orenburg district, in the Steppe zone. The results of the studies, 
together with published data (mainly from the FP5 MinUrals contract (ICA2-CT-2000-10011)) 
and geological and geo-topographic maps (including pattern of industry) at 1:200,000 scale 
and available remote sensing datasets (from WP4 and WP6), were incorporated into a 
database for statistical analysis. The aim of the studies was to determine the impacts of 
smelter emissions, acid rock/mine waters and effluents on soils, vegetative zones and water 
resources.  
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The results will be considered in the light of socio-economic data collected in Karabash and 
Mednogorsk (WP3, Fig. 1.2) and fed into WP8 (Dissemination, mainly through the publication 
of the results in the scientific and popular science literature, and via ImpactMin web pages) 
and WP9 (Training). 
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Fig. 1.2 Workflow diagram showing sequence of activities under WP7.4 and linkages to other 
work packages. 

The structure of this report is as follows: Chapter 2 describes the background to the 
Karabash and Mednogorsk demo sites and previous studies, Chapter 3 the data available for 
WP6 and WP7.4, Chapter 4 the tools and methods used in WP7.4, Chapter 5 the results of 
the ground-based studies, Chapter 6 the results of the remote sensing studies, Chapter 7 
interpretations of mining-related impacts and developed tools for environmental assessment, 
Chapter 8 conclusions and recommendations for future studies.  

The main contributors to this report were IMIN, UNEXE, GEOS, VITO. 

1.1 Aims and objectives 

The specific objective of WP7.4 was to demonstrate the use, and to óground-truthô by 
collecting relevant environmental data, of remote sensing for the assessment and monitoring 
of environmental impacts of mining-related industries in the Chelyabinsk and Orenburg 
regions of the South Ural Mountains of Russia. This objective is linked to that of WP6, to 
develop, validate and deploy methods for the assessment and monitoring of environmental 
impacts from mining operations, based on the knowledge pool generated in WP4 and WP5. 

The three principal stages in metals production ï mining, minerals processing and 
metallurgical extraction (often based on smelting) ï can all pose a threat to the environment 
(Lottermoser, 2007). The different demo-sites show varying environmental impacts. In work 
package WP4.1, environmental variables that are associated with mining activities and 
detectable with satellite earth observation methods were identified. The findings of WP4.1 
were included in deliverable D4.1. Variables (or impacts) are effects on natural resources 
and on the components, structures and functioning of affected ecosystems. The variables 
are separated into direct and indirect variables. Direct variables are related to direct and 
predictable effects of mineral mining operations itself, occurring at the same time and place. 
Indirect variables are caused by mineral mining operations, but occur later in time and/or 
farther removed in distance. Indirect variables may include cumulative effects related to 
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induced changes in the pattern of land use and related effects on soil, air and water and 
other natural systems. 

For the Karabash and Mednogorsk studies, the following direct variables were considered: 
acid mine drainage (AMD), contaminated soils and atmospheric pollution. The indirect 
variables that were considered were mainly: vegetation stress, contamination of surface 
waters and soils, and sediment load and metal contamination. 

Pollution of the atmosphere in mining areas can be complex, as it is often not just a 
phenomenon restricted to mining itself, but also extends to activities around the mine, such 
as refining, smelting, other related industries, and human settlement. Significant levels of 
dust, above 3 kg/t of ore mined, and ranging from 0.003 to 27 kg/t, may be generated by 
extraction activities, crushing, ore beneficiation, transport and traffic, and wind-borne losses 
(World Bank Group, 1998). Significant releases of dust containing metals, including mercury, 
may result from the drying of the ore concentrate. The main impact of smelting operations, 
whereby metals are extracted from ore by heating and melting, is the release of gaseous and 
particulate pollutants, including oxides of sulphur, nitrogen and carbon, and metal-rich and 
sometimes radioactive particles. Sulphur dioxide (SO2) emissions can be responsible for acid 
deposition on vegetation and other surfaces and the occurrence of winter smog episodes 
(Khokhar et al., 2004). The spatial scale of airborne pollution related to mining, and 
particularly smelting activities, is typically quite large. Depending on substances and particle 
sizes, the area affected can range from a few hundred square meters to thousands of square 
kilometres. Large scale atmospheric pollution has been monitored using MODIS imagery, 
which has a high spectral but low spatial resolution, and using ASTER or even Landsat 
imagery (e.g. for monitoring urban air quality). A number of studies have used satellite 
remote sensing to analyze the secondary effects of atmospheric pollution related to mining 
activities, especially vegetation stress. Mikkola (1996) and Rees and Williams (1997) 
monitored the changes in land cover induced by atmospheric pollution (SO2) in the Kola 
Peninsula, Russia, using Landsat images. In the same area, Hagner and Rigina (1998) 
compared Landsat reflectance data with a mathematical model of SO2 concentration in 
ambient air around a metallurgical complex, and concluded that the strong statistical 
correspondence as well as the nature of the spectral change indicate that the airborne 
pollutants were the major factor causing forest vegetation decline. Hyperion imagery may be 
used to study mineralogy of particulates in windblown dust. Nevertheless, the applicability of 
satellite remote sensing for monitoring atmospheric pollution depends on the severity and the 
spatial scale of the event. 

The importance of mapping land use and monitoring their changes has been widely 
recognized in the scientific community and the mining of natural resources is invariably 
associated with land use and land cover changes (Prakash and Gupta, 1998). Therefore, 
mining is an important factor of anthropogenic influence on the environment, causing 
alteration of the landscape (Rigina, 2002), including land use and land cover change, 
urbanisation and industrialisation, land degradation and erosion. For successful monitoring of 
land use and land cover change related to mineral mining and their dynamics, observations 
with frequent temporal coverage over a longer period of time are required. The scale and 
characteristics of land use and land cover change will determine at which spatial resolution 
the processes can be monitored. Landsat imagery is widely used for monitoring conversions 
from natural vegetation to surface mines, and afterwards to secondary vegetation after 
reclamation. However, the extent of land use and land cover change is often larger than the 
mine itself. Vegetation indices or other transformations are frequently used. Also time series 
of low resolution imagery (e.g. NOAA-AVHRR) have been used to monitor large scale land 
use and land cover change induced by mineral mining (Latifovic et al., 2005). 

Mining induced vegetation stress is mainly an indirect consequence of altering environmental 
variables. Many mine wastes are structureless, prone to crusting, and low in organic matter 
and essential plant nutrients (P, N, K). They mostly have low water-holding capacity, and 
contain contaminants such as salts, metals, metalloids, acid, and radionuclides. Furthermore, 
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conservative, non-reactive ions such as sulfate, nitrate, manganese, magnesium, and 
calcium may migrate into the local aquifer and surface waters. Vegetation indices are used to 
monitor mining induced vegetation stress. Depending on the scale of the impact, high spatial 
resolution QuickBird or IKONOS, medium resolution Landsat or ASTER, or low resolution 
MODIS or NOAA-AVHRR is applied. Hyperspectral imagery from Hyperion facilitates a more 
detailed study of pigment concentration changes.  

1.2 Approach 

The work (person months) carried out by each partner in WP7.4 (Chelyabinsk-Orenburg 
Demo Site Implementation) is shown in Table 1.1. The main partners are IMIN and UNEXE, 
with IMIN responsible for deliverable D7.4, in collaboration with UNEXE, GEOS, UBB and 
ULRMC (Report on the Chelyabinsk-Orenburg case study investigations herein).  

Table 1.1 Number of person months (PM) per partner contributing to WP7, and specifically to 
WP7.4 - Chelyabinsk-Orenburg case study investigation. 
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PM/Partner WP7 3 8 12 12 9 7 12 10 8 - - 

PM/Partner WP7.4  - 2 10 - - - 12 1 1 - - 

1.2.1 Tasks carried out by IMIN 

Task a ï i) Collection of pertinent feedstock, production, emissions, discharge and 
associated data from current mining-related operations (where possible) and the field 
estimation of area covered, volume and characteristics of wastes and tailings in the 
Karabash and Mednogorsk demo sites; ii) Provision of detailed maps of the Karabash and 
Mednogorsk demo-sites showing the pattern of past and current mining-related activities, 
waste dumps and tailings, surface water channels, ponds and lakes, domestic housing and 
public roads, buildings, services and amenities. No data for feedstock, production, emissions, 
discharge and associated data could be obtained from the smelter companies at Karabash 
and Mednogorsk due to political problems.  

Task b - Collection and analysis of environmental samples for the assessment of 
atmospheric and surface water contamination to óground-truthô data from the remote sensing 
studies (WP4, WP6) carried out at the Karabash and Mednogorsk demo sites, in 
collaboration with UNEXE. Analyses undertaken at IMIN included pH, conductivity and Eh of 
waters, X-ray diffraction (XRD), and Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES).  

Task c ï Provide field and sample analytical data for input into the GIS being developed 
under WP6 by GEOS/GEO, for the purposes of óground-truthingô the remote sensing data.  

Task d - Spatial and temporal geostatistical analysis/interpretation in the GIS environment of 
the integrated data (from d) to determine the impacts of smelter emissions, acid rock/mine 
waters and effluents on different soils, vegetative zones and water resources (in 
collaboration with GEOS and ULRMC). 

1.2.2 Tasks carried out by UNEXE  

Task a - Planning and implementation of the lichen study at the Karabash site, including 
collection of suitable lichen transplant materials from a reference site, outside the main zone 
of impact from the smelter, transplantation to monitoring sites in a spoke pattern around 
Karabash, and collection of the transplants following a 3 month exposure period. These 
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works were carried out in collaboration with IMIN. The lichen samples were analysed by ICP-
MS in the laboratories of UNEXE and IMIN. Carryout complementary geochemical studies of 
tree and twig bark.  

Task c ï Assess socio-economic data for the Karabash and Mednogorsk demo sites 
(collected under WP3) in the light of the outcomes of the integrated analysis of climatic, geo-
topographic, mapped land use, remote sensing and field and laboratory-based óground-
truthingô studies.  

Task d ï To provide a major role in the drafting of the report for deliverable D7.4 - Report on 
the Chelyabinsk-Orenburg case study investigations, in collaboration with IMIN, GEOS, UBB 
and GEO. 

1.2.3 Tasks carried out by GEOS 

Task a - Purchase of imagery, mainly high spatial resolution/8 spectral band WorldView 
(WV)-2 images, to be requested for collection during a favourable weather window in June or 
July 2011 (linked with WP6).  

Task b ï Field-based infrared spectroscopy, using a portable infrared spectrometer, sensitive 
in the VNIR-SWIR range (400-2500 nm), at the Karabash and Mednogorsk demo sites, to be 
carried out in July 2011 (14 days in the field). The aim of this is to ground truth the satellite 
imagery so that the results can be correlated with those from in-situ sampling (above).  

Of particular interest will be to:  

i) Ground truth the ground-footprint of the plume of airborne contamination for 
Karabash;  

ii) Ground truth the ground-footprint of the plume of airborne contamination around the 
Mednogorsk smelter (clearly visible on the Landsat images);  

iii) To characterise and map the extent of deforestation and vegetation stress in 
proximity to the sources of contamination (potentially by measuring leaf spectra at the 
same sites as the lichen stations). 

Task c ï Assistance in the integration of field and laboratory data into the GIS being 
developed under WP6, and image/data processing for the development of models and maps 
of the impacts of mining-related activities on sensitive zones in the South Urals (linked to 
WP6). This will mainly focus on the analysis and integration of WV-2 and ASTER time series 
images. Of particular interest will be to determine the effects on vegetation resulting from the 
closure of the smelter in October 1991, and reopening in March 1997.  

1.2.4 Tasks carried out by UBB 

Management of WP7, making sure that the data from all demo site investigations in WP7 is 
compatible, i.e. uses the same protocols, data formats and specifications. Additionally, UBB 
will be involved in disseminating the results of WP7.4 for educational and training purposes, 
under WP8 and WP9 (Fig. 1.2). 

1.2.5 Tasks carried out by VITO 

Although VITO does not have any PM budgeted in WP7, the time foreseen in WP6 permitted 
VITO to assist in the time series analysis of low resolution imagery. The study focuses on the 
use of hypertemporal vegetation indicators derived from SPOT-Vegetation in order to gain an 
understanding of  the spatial and temporal effects of environmental impacts in Karabash and 
Mednogorsk.  
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2 BACKGROUND TO THE KARABASH AND 
MEDNOGORSK DEMO SITES 

The South Ural Mountains of Russia has been a centre for precious and base metal 
production for well over 3000 years. During the Soviet era, in the early- to mid-20th century, 
production activities were heavily intensified with little long-term planning or consideration for 
the environment. Today, many of the mineral deposits are exhausted or are uneconomic in 
current world markets. The extraction technologies used in most operations are inefficient 
and environmentally unsound. In certain areas, pollution from past and current mining-related 
activities is known to be heavily impacting on human and environmental health (Polluted 
Places, 2005). From a political and sociological perspective, large-scale closure of 
operations is currently impossible as mining industries are major employers which underpin 
the economy of the region. 

A detailed literature review of previous studies on Karabash and Mednogorsk was carried out 
in the report for Deliverable 4.3 ï óSatellite mission planning for the demo-sitesô. Below is a 
brief summary: 

2.1 Karabash 

The smelter town of Karabash is situated within the Chelyabinsk District in the northern part 
of the South Ural Mountains. It lies at an altitude of ca. 320 m within a SW-NE trending flat-
bottomed valley, surrounded by hills with an altitude up to 610 m (Fig. 2.1). It is situated 
within the South Taiga vegetative zone, close to the contact with the Forest-Steppe zone, 
with a moderate continental climate. The area is extensively forested apart from small 
agricultural plots and other areas affected by anthropogenic activities. The geology is 
dominated by relatively mafic metamorphic rocks of low buffering capacity. Soil cover is 
generally thin and sporadic and mainly consists of Luvisoils (Udachin et al., 2003).  
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Fig. 2.1 Map showing the location of Karabash town in the northern part of the South Urals of 
Russia. 

 

Fig. 2.2 Map of Karabash town and the local area, showing the location of the smelter, wastes 
dumps, tailings, and abandoned underground workings. 
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Karabash has a current population of around 12,500, which is much less than the 50,000 in 
the 1960s when mining, ore beneficiation and smelting operations were at their peak. Mining 
of iron ore began in the area in 1776 but it was not until 1822, following the discovery of 
alluvial gold, that the town of Karabash was established. Mining activity increased following 
the discovery of a secondary Cu deposit in 1834. Small-scale Cu smelting operations were 
carried out between 1837 and 1842, which produced 22 tonnes of blister Cu. A second Cu 
smelter was built in 1907 but this was rapidly superseded in 1910 by the building of a much 
larger operation on the site of the current smelter. In 1934, a beneficiation mill was 
constructed to produce Cu concentrate by froth flotation, which from 1954 also produced zinc 
and pyrite concentrate. The beneficiation mill, smelter and the last mine were closed in 1991. 
The smelter resumed activities in 1997, processing concentrates from Cu mines in the 
Central and South Urals. In 2003, around 1500 workers were employed in the smelter (no 
current figures (2012) are available).  

Karabash was described in 1992 by the United Nations Environment Programme (UNEP) as 
one of the most polluted towns in the world. Nesterenko (2006) characterised the area as an 
óecological disaster zoneô, based on the chemical analysis of soil samples in the area. 
Karabash and the surrounding areas have been affected by gaseous and particulate 
emissions from the smelter, acid drainage from abandoned mine workings, leachates and 
dusts from waste dumps, and contaminated stream sediments (Udachin et al., 2003). 
Metallurgical slags from the smelter (containing 614-830 ppm As, 2581-3659 ppm Cu and 
417-628 ppm Pb, Williamson et al., 2008) are used to grit roads in and around the Karabash 
area. The spatial extent and nature of contamination from this activity is not known. The Sak-
Elga river valley contains deep deposits (often > 0.5 m) of pyrite-rich tailings over a length of 
more than 10 km between Karabash and a freshwater reservoir (Argazi Lake, Fig. 2.2). 
Untreated domestic wastewater is discharged into the same river. The reservoir is the main 
freshwater source for the city of Chelyabinsk (1.2 million inhabitants). Several ponds are 
filled with acid waters from underground mine shafts. Highly acid and toxic mine waters are 
continuously released into the environment. 

Recently, in 2006, the Russian Copper Company modernised the smelter in Karabash 
(Yokogawa, 2008). The new smelting system processes approximately 460,000 tonnes per 
year of concentrates. Ausmelt Ltd claims the smelter is now one of the most modern plants 
of its type in Russia and the complex is among the most up-to-date and environmentally safe 
Cu smelters globally (AZoM News, 2007).  
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b)

a)
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Fig. 2.3 Photographs showing a smelter-facing hillside to the east of Karabash town in a) 1910, 
the year the Cu smelter was commissioned, and b) in 2004 with the hillside largely deforested. 

A number of studies have looked into the effects of atmospheric pollution in Karabash 
(Udachin et al., 1998, 2002, 2003; Purvis et al., 2004; Spiro et al., 2004; Williamson et al., 
2004a,b; Brooks et al., 2005; Purvis et al., 2006; Williamson et al., 2008). The smelter was 
not large by international standards, but until 2006 had no controls on gaseous or particulate 
emissions (Voskresensky, 2002). There are no recent or reliable data in the public domain 
concerning the levels of emissions from the smelter (Williamson et al., 2004b). However, 
before the political changes in 1991, official SO2 emissions estimates were in the order of 
90,000 to 150,000 tonnes per year (Udachin et al., 1998). From studies of airborne total 
suspended particulate (TSP) collected in Karabash town in 2001, using air pump apparatus 
(Williamson et al., 2004b), particulate downwind from the smelter were mainly anglesite 
(PbSO4), zincite (ZnO), gunningite ((Zn,Mn)SO4.H2O), a phase with the composition 
Zn2SnO4, and poorly ordered Zn sulphates, with lesser amounts of pyrite, sphalerite, 
chalcopyrite and galena. This material had a maximum particle size (equivalent spherical 

diameter) of around 2 mm (average of 0.5 ɛm, s.d. = 0.2). From their composition and size, 
these particles were thought to mostly originate from the smelter converter (Williamson et al., 
2004b). More FeïCu-rich particles on lichen surfaces, not present in the air filters, which had 
a mean equivalent spherical diameter of 2.2 ɛm (s.d. = 2.4), are thought to have been mainly 
derived from the blast furnace (Williamson et al., 2004b). 

The close proximity of townspeople to these sources of pollution is of most immediate 
environmental concern (Brooks et al., 2005). The people living in the town show high rates of 
congenital defects, central nervous system disorders, cancer and other diseases (La 
Franiere, 1999). Two-thirds of the children suffer from Pb, As or Cd poisoning (La Franiere, 
1999) and many suffer from asthma and respiratory diseases (Ferriera-Marques, 2003). 
Vegetation is almost absent from the hills immediately downwind of the smelter (Fig. 2.3) and 
the Sak-Elga river floodplain, to the south of the town (Fig. 2.1), contains 9.2 million tonnes of 
heavy metal-rich tailings (Brooks et al., 2005).  

Particularly sensitive in determining the spatial extend of impacts from the smelter was the 
use of lichen transplants. Tree bark samples of the lichen Hypogymnia physodes were 
collected in July 2001 from a ócontrolô site (30 km SW of Karabash) and transplanted to 10 
stations along a ~60 km NE-SW transect centred on Karabash. The transplants were 
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collected after 2 and 3 month exposure periods. Particulates on the lichen surfaces were 
analysed by scanning electron microscopy with energy-dispersive X-ray analysis (SEM-
EDX). The elemental compositions of the lichen transplants, as well as smelter stack dusts, 
tailings, road dusts, metallurgical slags and top soils, were determined by quadrupole 
inductively coupled plasma mass spectrometry (ICP-MS). 

SEM-EDX studies were carried out to compare the size, shape and elemental compositions 
of individual particles on lichen transplant surfaces from Karabash (715 analyses) and the 
ócontrolô site (598 analyses). Particulates in the Karabash samples showed high levels of S, 

Pb, Cu, Sn and Zn, mainly in the form of 5 to 200 mm sized, commonly spherical sulphide 
and silicate metallurgical slag particles, similar in composition to dust particles from the blast 
furnace stack. These particles were also found in small numbers on lichens from the ócontrolô 

site, indicating >30 km dispersion from the smelter. Particles <5 mm in diameter, and 
especially those < 2.5 Õm, were poorly represented in lichens from both Karabash and the 
ócontrolô site, either because they were not efficiently captured or they were preferentially 
washed off or solubilised.  

Lichen transplants showed a decrease in metal concentrations (e.g. Pb in Fig. 2.4) away 
from the smelter following 2 and 3 month exposure periods. Multi-element least-squares 
modelling was carried out to determine the relative contribution of particles from different 
potential sources (smelter, tailings etc.) to the compositions of the lichen transplants in the 
transect. The blast furnace, which emits dusts containing particularly high levels of Fe, Cu 
and S, was found to be the main source of particulate in transplants close to the smelter (<10 
km). Particulate from the Peirce-Smith converter, with relatively high Zn, As and Pb, was 
found to be more widely dispersed. From SEM-EDX analysis of converter stack dusts and 
air-pump filter samples from Karabash town, converter-derived particulate was found to be 

relatively fine grained (generally <1.5 mm in diameter), and therefore likely to show longer 
atmospheric residence times and wider dispersion (depending on meteorological conditions). 
Leaching tests on the converter stack dust showed that a high proportion of Zn (32%) and As 
(8.5%) was in a water-soluble form, which could at least partly explain the paucity of 
converter stack particulates on the lichen surfaces.  
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Fig. 2.4 Pb concentrations in lichens transplanted from the control site in July 2001 and 
exposed for 2 and 3 month periods at stations in a SW-NE transect centred on Karabash (after 
Spiro et al., 2004). 
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Fig. 2.5 Pb concentrations in soils (left), pine-needles (centre) and native and transplanted 
lichens (right). Data from the MinUrals project (2001-2). These plots clearly show a similar 
pattern of metal zonation around the Karabash smelter. 

2.2 Mednogorsk 

The Mednogorsk demo-site is located on the western slope of the South Ural Mountains, in 
the Steppe vegetative zone and with a strong continental climate. The main sources of 
contamination in the Mednogorsk demo-site area are the Blyava and Yaman-Kasy open pit 
mines (now pit lakes), abandoned beneficiation mill and the active Cu smelter (Fig. 2.6 and 
Fig. 2.7). The Blyava VMS deposit was exploited via open pit and underground workings 
from the 1930s onwards, with the main period of activity being between 1936 and 1972. The 
Yaman-Kasy VMS Cu-Zn deposit was operated via open pit between 1987 and 2002. The 
currently active Mednogorsk Cu plant has been operational since 1937, having been run as a 
Cu-S plant between 1954 and 1998. Initially, the plant produced low purity S, but after the 
second World War, began to produce Cu concentrate (12-17%) which was transported for 
refining to the Karabash smelter and the Kirovgrad smelter (Sverdlovsk district). Between 
1959 and 1962, following the construction of converters, the plant began to produce non-
refined copper. In 1960, the plant started processing ores from the Gay deposit and from 
1961 produced sulfuric acid (H2SO4). It is thought, from undisclosed sources, that the smelter 
currently emits around 68,000 t/year of gases and dust.  

There has been little work on the nature and extent of contamination from Mednogorsk. It 
would seem likely that the main impacts will be from atmospheric gaseous and dust 
emissions from the Cu smelter. Of additional concern is contamination of surface and ground 
waters by acid mine/rock waters from the many waste dumps, open pits and tailings dams in 
the area. Acid waters flowing in the Zhiriclya river have been treated since 2006, however 
there is little data on how effective this treatment is. 
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Fig. 2.6 Photograph of the Mednogorsk Cu smelter. 

 

 

Fig. 2.7 Map of the Cu smelter town of Mednogorsk. 
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3 DATA AVAILABLE FOR WP7.4 

3.1 In-situ data 

Datasets for environmental samples available at the start of WP7.4 are shown in Table 3.1. 
These include data collected during the TACIS project (Udachin et al., 1998), EU-FP5 
MinUrals project, Royal Society Joint Collaborative grant, and subsequently by IMIN.  

Table 3.1 Environmental datasets (including data from the TACIS and MinUrals projects, Royal 
Society Joint Collaborative grant and IMIN datasets, see text) available for use under WP7.4, 
and for incorporation into the GIS under WP6. 

Karabash demo site  

Dataset Date collected 

Surface waters (122 samples) 2002-2010 

Suspended sediments in surface waters (24 samples) 2008-2010 

ñOchresò (8 samples) 2008-2010 

Surface sediments (12 samples) 2010 

Snow samples (46 samples of snow melt and 35 samples of snow 
dust) 

2002-2009 

Lake sediments (265 samples) 2002-2010 

óAnthropogenicô horizon in soils (102 samples) 2007-2010 

Tailings materials (76 samples) 2003-2005 

Waste rocks from dumps (15 samples) 2007 

 

Mednogorsk demo site  

Dataset Date collected 

Surface waters (27 samples) 2009-2010 

Water from water column in pit lakes (14 samples) 2007 

Suspended sediments in surface waters(20 samples) 2004-2010 

ñOchresò (10 samples) 2008-2010 

ñFe-mud in two settling pondsò (35 samples) 2004 

Snow samples (22 samples of snow melt+15 snow dusts) 2009-2010 

óAnthropogenicô horizon in soils (83 samples) 2004-2009 

Dust from stacks (3 samples) 2010 

Road dusts (5 samples) 2010 

 

3.2 Ancillary geospatial data 

IMIN provided geospatial data at a scale of 1:200,000 for Karabash (Fig. 3.1) and 
Mednogorsk (Fig. 3.2), including topography (óReliefô shapefile), Roads (óDorogiô shapefile) 
and Routes (óTracknameô shapefile), administrative boundaries (óGranicaô shapefile), river 
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(óRiverô shapefile) and protected waters (óWaterô shapefile), towns (óTown_bigô shapefile) and 
settlements (óTownô shapefile), nature monuments (óMonumentsô shapefile), and 
archaeological monuments (óPosel_archô shapefile). 

Metadata for these geospatial data layers are also available for Karabash and Mednogorsk.  

 

Fig. 3.1 Base map of the Karabash mining area and surroundings 

 

Fig. 3.2 Base map of the Mednogorsk mining area and surroundings 

Topographic maps at a scale of 1:100,000 may become available, depending on permission 
being granted. However, a digital elevation model (DEM) is available for Mednogorsk at 30m 
resolution (ASTER GDEM - D4.3). 

GlobCover was available for Karabash and Mednogorsk. As a reference dataset, the 
GlobCover land cover map (Arino et al., 2007) was used (Fig. 3.3). This land cover map, 
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derived from ENVISAT-MERIS at a spatial resolution of 1/360Á, was resampled to the SPOT-
Vegetation pixel resolution, whereby the predominant class of each larger pixel was retained.  

 

Fig. 3.3 GlobCover map of the wider surroundings of the Karabash and Mednogorsk demo 
sites. 

Some specific analyses were performed on only a few land cover classes. In order to focus 
on a range of different vegetation densities, the analysis concentrated on 6 GlobCover 
classes. The classes were re-coloured, in order to make a clear distinction, and a shorter 
description was used (Table 3.2).  

Fig. 3.4 gives a more detailed view of the GlobCover land cover classification maps of the 
surroundings of both the Karabash and Mednogorsk demo-sites. Although the direct 
surroundings of Karabash show a sparse vegetation cover, the area around Karabash is 
extensively forested apart from small agricultural plots and the conspicuously de-vegetated 
(smelter-facing) western slopes of the nearby Karabash óMountainô (Spiro et al., 2004). In 
contrast, the Mednogorsk demo-site, and its surroundings, show a very general sparse 
vegetation cover, with patches of a mosaic of shrubland/cropland. 

Table 3.2 Color table of focus GlobCover classes 

GlobCover 
class 

number 
Class name 

GlobCover 
color 

Short 
description 

Color 

20 
Mosaic cropland (50-70%) / vegetation 
(grassland/shrubland/forest) (20-50%) 

yellow 
Mosaic 

crops/veg 
Yellow 

30 
Mosaic vegetation (grassland/shrubland/forest) (50-70%) 
/ cropland (20-50%) 

Beige 
Mosaic 

veg/crops 
Purple 

50 Closed (>40%) broadleaved deciduous forest (>5m) Green 
Closed 
forest 

Green 

90 
Open (15-40%) needleleaved deciduous or evergreen 
forest (>5m) 

Dark green Open forest Blue 

100 
Closed to open (>15%) mixed broadleaved and 
needleleaved forest (>5m) 

Green-
brown 

Mixed forest Brown 
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150 Sparse (<15%) vegetation Sand 
Sparse 

vegetation 
Red 

 

 

Fig. 3.4 GlobCover map of the Karabash (left) and Mednogorsk (right) demosites, recolored 
according to Table 3.2. Grey areas are not considered in the following analyses. 

3.3 Remote sensing data 

No satellite data were available before the start of the ImpactMin project. A satellite 
óquicklookô of Karabash was available from Google Earth (Fig. 3.5).  
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Fig. 3.5 Google Earth image of the town of Karabash 

Landsat, ASTER and SPOT-Vegetation images for the Karabash and Mednogorsk demo 
sites were obtained under WP4, Deliverable 4.3 - Satellite mission planning for the demo-
sitesó (details in Table 3.3 and Table 3.4). The SPOT-Vegetation dataset consisted of a time 
series of 10-daily NDVI and fAPAR (Weiss et al., 2010) images (S10) from January 1999 to 
December 2011 at 1/112Á resolution (http://www.vgt.vito.be/ and http://www.marsop.info/, 
n=468).  
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Table 3.3 Remote sensing data acquired for Karabash 
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Table 3.4 Remote sensing data acquired for Mednogorsk 
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4 TOOLS AND METHODS USED 

From the results of the MinUrals project (2000-2), it was clear that there is a distinct zonal 
pattern of contamination around Karabash. However, due to the pilot nature of these studies, 
a lack of detailed maps and poor access away from the main road in the area, sampling was 
only undertaken in a NE-SW transect. The full 2D spatial distribution of contamination from 
the smelter was not established. Sampling under the ImpactMin project was therefore 
designed in such a way that we would obtain a better idea of the spatial variation in different 
directions. Navigation difficulties were overcome with the help of high-resolution imagery 
(WV-2 and Geo-eye) loaded on an ipad, allowing sampling in most planned locations.   

4.1 In-situ data acquisition at the demo sites 

The aims of the in-situ data acquisition were twofold: a) to determine the impacts of mining-
related activities in Karabash and Mednogorsk, and to assess whether there had been any 
improvement to the environment around Karabash following the installation of a new cleaner 
Ausmelt smelter in 2006; b) to ground-truth data acquired using remote sensing 
methodologies. In order to characterise airborne pollutants from the smelter, air filter samples 
were collected. To determine the spatial pattern of fallout of acid aerosols and metal-rich 
particulate from the smelter at Karabash, native and transplanted lichens, birch leaves, pine 
needles, soils, birch trunk and twig bark were collected and analysed. In addition, a visual 
assessment was made of vegetation density and type, and lichen species diversity, and birch 
and soil reflectance spectra were collected. A list of sample media, when collected, by which 
organization, and type of analysis is shown in Table 4.1.  

Table 4.1 Data collected at the Karabash and Mednogorsk demo sites under WP7.4 

Karabash - Media Data 
collection 

Collection 
period 

Type of analyses 

General vegetation IMIN, UNEXE, 
GEOS 

July and 
September 
2011, July 2012 

Visual assessment 

Infrared Spectroscopy 

Lichens, tree and twig 
bark 

UNEXE, IMIN, 
GEOS  

June to 
September 2011 

Lichens and twigs analysed 
by ICP-MS (UNEXE), pine 
bark and needles by AAC 
(IMIN), birch bark and birch 
leaves by ICP OES (IMIN). 
pH measured for twigs and 
bark (IMIN). 

Smelter stack dusts IMIN July 2010 AAC, ICP-MS 

Air filters, snow dusts, 
snow melt waters 

UNEXE, IMIN February ï July 
2011 

Air filters analysed by ICP-
MS and SEM-EDX 
(UNEXE), snow dusts and 
waters by ICP-MS & ICP-
OES (IMIN) 

Soils IMIN July 2011, 2012 
only Karabash 

ICP-OES of soils (IMIN). 

Soils  GEOS July 2011 and 
2012 

Infra-red Spectroscopy 

Surface waters and 
sediments 

IMIN Waters - end 
April and July 

ICP-MS, AAC 
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2011, 2012 

 

Mednogorsk - Media Data 
collection 

Collection 
period 

Type of analyses 

General vegetation IMIN, GEOS July 2011 Visual assessment, Infrared 
Spectroscopy 

Smelter stack dusts IMIN July 2010 AAC, ICP MS 

Air filter, snow dusts, 
snow melt waters 

UNEXE, IMIN February ï July 
2011 

Air filters analysed by ICP-
MS and SEM-EDX 
(UNEXE)ô snow dusts and 
waters by ICP-MS & ICP-
OES (IMIN) 

Wastes IMIN, GEOS July 2011 ICP-OES of wastes (IMIN).  

Surface waters and 
sediments 

IMIN Waters - end 
April and July 
2011, 2012 

ICP MS, AAC (IMIN) 

4.1.1 General vegetation 

Floristic observations (tree and understory diversity and extent of leaf litter) were made at 
lichen monitoring stations, and also at each site where leaf spectra were taken. Photographs 
(geotagged) of transplants, lichens, trees, soil cover and their habitats were taken and times 
synchronised with cameras and GPS. 

4.1.2 Lichen monitoring 

Twenty two sites were monitored in two transects centred on the Karabash smelter, and a 
reference site (U0) 6 km N of Zlatoust, 30-40 km from Karabash.  
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Fig. 4.1 Google image showing the locations of monitoring stations around Karabash 

Lichen sampling, with multi-element geochemical analysis, is widely used to investigate 
spatial and temporal patterns of metal contamination. Like mosses, lichens can accumulate 
trace elements such as Pb, Cu and other elements of environmental concern. One of the 
most commonly used lichens is Hypogymnia physodes (L.) Nyl., which grows naturally in 
most parts of Europe. Hypogymnia transplants are often used where insufficient native 
samples are available (Mikhailova, 2002).  

Over 150 twigs colonised by the lichen Hypogymnia physodes were collected in June 2011 
at Nazminsky ridge ('reference site U0'). Samples were transplanted to stations along a NE-
SW transect from Kyshtym (ca 33 km northeast of Karabash) to Severnye Peche, 6 km NE of 
Turgoyak Lake (ca 25 km south of Karabash, Purvis et al., 2004). Encouragingly, all sites 
(apart from U10 and U12) were within ca 500 m of sites established in July 2001. In some 
cases, the original monitoring trees were located. To better characterise the 2D nature of 
contamination from the Karabash smelter, a new W-E transect was established based on 
seven sites, 3 lying W (<20.44 km) and 4 E of Karabash (<38 km), extending to the Forest-
Steppe Zone. All stations were located in medium-aged birch stands at between 280 and 695 
m elevation, apart from site U0 at Nazminsky Ridge (800 m), and more than 150 m from 
roads, apart from site 11 (Novoandreevka). At each transplant site, in June 2011, two 
Hypogymnia-covered twigs, obtained from the reference site (U0), were attached to the base 
of 6 trees. These twigs were collected in September 2011, after a 3 month exposure period. 
In the laboratory, Hypogymnia was removed from the twigs using powder-free latex gloves 
and stainless steel knives, and stored dry in zip-lock plastic bags. Samples were either 
bulked for chemical analysis or else treated as replicates and analysed by ICP-MS at 
UNEXE and IMIN. At each transplant site, where present (generally >16.5 km from the 
Karabash smelter), samples were also taken of naturally growing Hypogymnia.  
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Fig. 4.2 Site 'U0' at 800 m elevation. in Betula - mixed coniferous forest (A-G). Many lichens 
colonise Betula trunks and twigs, 2 June 2011 (A); General view with boxes of transplants in 
the foreground, 3 June 2011 (B); Pavel Aminov assessing twig biodiversity, 5 September 2011 
(C-E); Close-up of Betula twigs bearing different crustose, foliose and fruticose species. Scale 
in mm. 

4.1.3 Lichen Frequency 

In 2011, the frequency of Hypogymnia physodes was assessed at the base of birch trunks 
and at 1.5 m above ground level on each of the 6 birch trees randomly selected for 
monitoring at each site. This was achieved by fixing a sampling grid to each tree (method of 
Mikhailova and Vorobeichik, 1995). In addition, accessible branches were cut from an 
elevation of 2-4 m above ground level and twig lichen frequency assessed for crustose, 
foliose and fruticose growth forms at each site (Fig. 4.2).  

4.1.4 Twig, pine needle, birch leaf and bark sampling and pH 
measurement 

Since the 1970s, bark samples have been analysed for S and heavy metals in regional and 
nationwide surveys (Bargagli, 1998). Around Karabash, twig, tree bark, pine needles, birch 
leaves and bark samples were taken from the same localities as the lichen samples (Fig. 
4.1). Smooth and approximately flat bark samples (ca. 4 x 10 cm patches, 2-3 mm thick) 
were collected at each site between 1.5 - 2.5 m above ground level. Between 1 and 6 per 
site were selected for pH measurement. Twigs were also sampled (ca 10 mm long x 0.5 - 0.7 
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mm thick) and 3 to 18 selected per site for pH determination. The pH of 132 twig and 85 
trunk samples were measured at IMIN in triplicate in the laboratory using the following 
methods. Twigs were cut into 7 cm lengths, the cut ends sealed with paraffin wax and 
soaked in tubes filled with 6 cm3 25 mM KCl. Samples were shaken for 1 hour at room 
temperature using an automatic shaker, the twigs removed and the pH of the solution 
measured with a Jenway Model 370 pH/mV/temp meter using an epoxy combination pH 
electrode (924 001) and ATC probe (027 500). Small, ca. 2.5 cm2 pieces of Betula trunk 
(lower surfaces not waxed) were placed in small beakers, immersed for 5 minutes in 2 cm3 
25 mM KCl and surface bark pH measured using a BDH Gelplas Flat Tip combination 
membrane electrode (cat ref: 309-1070-03). Mean pH values were calculated from H+ 
concentrations and average values calculated for twig and bark samples at each site. 

4.1.5 Chemical analysis of lichens, bark and twig samples 

Elemental analysis of lichen samples was carried out at UNEXE and IMIN. Lichens were 
sorted under magnification to remove extraneous material including bark, twigs, leaves, and 
lichens of species other than hypogymnia physodes. At UNEXE, up to 4 g of air dried lichen 
was ground with an agate mortar and pestle with liquid nitrogen, mixed, and dried in a 
dessicator for at least 24 hours, noting the average weight loss. Bark was removed from 7 
cm length twigs (0.1 ï 0.2 g) with a scalpel and also dessicator dried. Aliqouts of about 0.2 g 
were digested with 5 ml high purity concentrated nitric acid and 0.5 ml high purity hydrofluoric 
acid with a closed vessel microwave digestion system and diluted as appropriate with doubly 
deionised water. At IMIN, lichen samples were sorted under a binocular microscope to 
remove extraneous material including bark, twigs, leaves, and lichens of species other than 
hypogymnia physodes. The sorting was carried out in a óclean cabinetô using gloves and 
ceramic forceps. Bark samples (7 x 4 cm strips) were taken from the trunks of trees with 
diameters of about 20-35 cm. Twigs were collected up to 1 cm in diameter and 10 cm long. 
Aliqouts (for lichen and bark samples) of about 0.6 g were digested with 14 ml high purity 
concentrated nitric acid over night. The solutions were then heated at 120oC for 3 hours. On 
cooling, 6 ml of pure H2O2 was added and then the solutions heated at 50oC for 30 minutes. 
The temperature was then slowly increased to 120 ÁC until no brown fumes were visible. The 
solution was poured into a 50 ml flask, and then washed with deionized water. Multielement 
analysis at UNEXE and IMIN was performed by inductively coupled plasma mass 
spectrometry (ICP-MS) calibrated against commercially available standard solutions. Quality 
control was provided through identical analysis of the reference materials BCR 482 Lichen 
and SRM 1547 Peach Leaves, accepting elements within Ñ10% of the published reference or 
information values. Sulphur analysis was performed under contract on the same samples by 
University of Sheffield by ICP atomic emission spectrometry. 

Samples of pine needles and bark were collected from trees (Pinus Sylvestris L.) 70 to 150 
years in age (ages estimated from either annual tree rings in cores drilled with a Pressler 
borer or from the visual diameter of the trunk). All trees were representative of the site of 
observation. Samples were taken only from healthy living branches, containing no observed 
necrotic tissue, mechanical damage or signs of illness. Needles were collected separately for 
the current year of growth, and then each year previously, for 3 years. Bark samples were 
taken from a height of 1.5 m above ground level. Samples consisted of the outer layer of the 
cortex to a thickness of no more than 1-1.5 cm. Samples were dried in the laboratory and 
stored in paper bags. The pine needle and bark samples were mixed with acid (HCl + HNO3; 
3:1 ratio) and then ashed in a muffle furnace at 450oC. To the samples of dry matter, ranging 
in mass from 1 to 5 g, was added 1N. HNO3 to a total volume of 14 ml. The resulting solution 
was analysed in an AAC Perkin-Elmer 3110 atomic absorption spectrophotometer with either 
air-acetylene flame atomisation or Analyst 300 with HGA 850 electrothermal mode 
atomization. 

Birch leaves were picked from young trees with no signs of disease and pests. Trees were 
visually divided into categories ï large (> 4 m), average (4-2 m) and small (<2 m in height). 
At each sampling point, 100 birch leaves were selected from 5-10 trees. The samples were 
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Fig. 4.3 Air sampling apparatus set 
up downwind from the Karabash 
smelter 

dried in the laboratory and stored in paper bags. The samples were then ground and 3 g of 
powder placed into a glass beaker (150 ml) with 40 ml HNO3 overnight. The solution was 
then heated to 120 oC for 3 hours, 15 ml of H2O2 added, and then heated to 50oC for 30 
minutes. The temperature was then increased to 120 ÁC and held until no brown fumes could 
be observed emanating from the beaker. 20 ml of HNO3 and 10 ml of H2O2 were then added 
and the solution again heated to 120 ÁC until no brown fumes were observerable. The 
solution was then washed into a 50 ml flask using deionised water. Metal contents were 
determined by ICP OES (Varian 720 ES) 

4.1.6 Air filters, snow dusts and melt waters 

The aim of this sampling was to determine the nature of airborne particulate being emitted 
from the smelters, to aid in atmospheric dispersion modelling and to understand patterns of 
dispersion of different particle types from the smelter. It was not within the remit of the project 
to provide an assessment or maps of air quality. 

Stack dust samples were collected in 2010 from the stack at Karabash by the copper smelter 
company and in Mednogorsk by the Office of Environment. Air filter samples were collected 
in both Karabash and Mednogorsk using a Tuff 4 Plus Personal Air Sampler operated at a 

flow rate of 1.5 l/m (5% accuracy). The pump was calibrated 
each evening using a 0.3 to 3 l/m flowmeter. Total 
suspended particulate was collected onto 25 mm diameter, 

0.4 mm pore size, polycarbonate filters, as these provide a 
smooth flat substrate for imaging and elemental analysis in 
the scanning electron microscope. Prior to sample collection, 
the filters were preconditioned in a desiccator for 2 days, 
each in an individual plastic box, and then weighed three 
times. All filter handling was carried out using ceramic 
forceps in a óclean cabinetô. The filters were then placed in 
the sampling head of the air filter system which was fixed at 
a standard height of 1 m above ground level. Sampling was 
carried out between 3 and 11 hours at each site. The 
following were recorded: location (GPS ï WGS84 UTM), 
time/date, wind direction and strength, temperature, 
sampling duration and air volume sampled. Following 
sampling, the filters were removed from the sampling head 
and placed back in their plastic boxes. In the laboratory, the 

filters were conditioned in exactly the same way as before and then weighed three times. 
The sample weight was calculated from the difference between the average of the post 
sampling and pre sampling filter weights. Each filter was then cut into quarters, one quarter 
weighed in order to calculate the proportion of the total filter analysed (necessary for the 
calculation of element concentrations on the filter per m3 of air sampled), in preparation for 
wet chemical analysis. The filters were digested in 5 ml conc. nitric and 1 ml HF using a Mars 
microwave digestion system. The resulting solution was diluted to 50 ml for analysis.  

For imaging and elemental analysis in the SEM, small piece (~4 x 4 mm) of each of the 
airborne particulate filters was mounted onto a 12 mm diameter SEM stub using Araldite. 
The stubs were loaded into a Jeol JSM-7001F field emission SEM with solid state X-Max 80 
energy dispersive X-ray element detector with Oxford Instruments INCA analysis system at 
Plymouth University, UK. The SEM was operated at 15 kV in high vacuum mode. The filter 
surface was imaged at a magnification of x5000 and every particle analysed in a number of 
randomly selected fields (depending on the number of particles in each field).  

Snow dusts and melt waters ï Snow sampling was carried out at the end of the winter 
season, a few days before the first signs of thaw in Karabash and Mednogorsk, so that the 
samples represented the longest time period possible, estimated to be around 65 days. At 
each snow sampling point, the location and depth of snow cover was recorded. Snow was 

Fig. 4.3 Air sampling 
apparatus set up downwind 
from the Karabash smelter 
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sampled using a polyvinyl cylinder with a diameter of 104 mm and a height of 1600 mm. 
Between 4 and 6 snow ócoresô were placed in sterile plastic bags.  

Samples were thawed out in the laboratory at room temperature in a plastic container. The 
volume of snow melt water was between 3 and 4 litres, sufficient to filter enough dust for 
geochemical analysis. pH, Eh and other physical and chemical parameters were measured 
in the melt waters, using the same methods as in the analysis of river waters. The melt 

waters were then passed through 0.45 mm pore size cellulose acetate membrane filters. The 
filters were then dried to determine the mass of snow dust in each sample. The melt waters 
and dusts were then analysed by ICP-MS (Perkin Elmer ELAN 9000) to determine their 
metals contents. 

The mass of dust for a given area per day (P) was calculated using the formula: 

P = Po/(St) 

where P is in kg/day/km2 or mg/day/m2; 

Po = mass of dust in the snow sample (mg);  

S = cross-sectional area of the ócoreô (m2); 

t = time from the beginning the first snow to the sampling day (days). 

Knowing the chemical composition of snow dust, we can estimate the total load (in the snow 
cover) of its constituent chemical elements and their compounds: 

Pi = (CiPp)/100 

where Pi = the total load (supply) of a chemical element ñiò in the snow cover (kg/day/km2 or 
mg/day/m2); 

Ci = concentration of element ñiò in the snow cover (ppm); 

P = dust load (kg/day/km2 or mg/day/km2). 

 

4.1.7 Wastes   

Samples of wastes were collected by IMIN from the Karabash and Mednogorsk demo sites. 
Large waste dumps were sampled by collecting around 2 kg of material at approximately 1 to 
2 m intervals from around the base of the dumps. When between 5 and 10 samples had 
been collected, depending on the size of the dump, the material was homogenized on a 
polythene sheet using a trowel. The material was then ócone and quarteredô twice and one 
quarter of the final batch bagged for transportation to the laboratory. The samples were then 
dried at 60 ÁC in an oven and then pulverized in a jaw crusher. The resulting material was 
then ócone and quarteredô, and one quarter passed through a series of sieves. Around 250 g 
of the 2.2-0.63 mm size fraction was then ground in a tungsten carbide mill (Retsch RM 100).  

For the tailings dumps, a trench was dug to a depth of between 1 and 2 m. The trench wall 
was then cleaned and material sampled by depth, according to colour and mineralogical 
variations within the tailings. Where time was not permitting, surface samples only were 
collected (Mednogorsk). Samples were air dried in the laboratory, sieved to < 0.6 mm, and 
then ground to a fine powder in a tungsten carbide mill (Retsch RM 100).  

Powders of both the wastes and tailings were acid digested in HF+HNO3+HCl in Teflon 
vessels and analysed using ICP-OES (Varian 720 ES). 

4.1.8 Surface waters and sediments 

Surface water samples were collected by IMIN during the wet season in May 2011, following 
snow melting, and the dry season in July 2011. Samples were taken at key points within the 
drainage system: representative of background surface waters (Sak-Elga river before the 
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Bogorodsky pond and the Miass river before the Sak-Elga river), waters impacted by mining-
related activities (Serebryanka river and "Red Stream"), and from approx. 100m below the 
confluence of natural and contaminated watercourses (confluence of the Sak-Elga river and 
"Red Stream" and Miass river and Sak-Elga river) (Fig. 4.4). 

 

Fig. 4.4  Water and sediment sampling localities around Karabash.  

 

Water samples were collected into clean 1.5 liter plastic bottles, until full, and clearly labeled. 
The samples were taken to the laboratory for analysis on the same day as collection. pH and 
redox potential were determined using a Yokogava 8221-E meter (Japan). The instrument 
had a measuring range for pH of 0-14, and Eh of 0 - Ñ 1999 mV. The absolute error of the 
instrument was Ñ 0.01 units for pH and 1 mV for Eh. pH was calibrated using standard buffer 
solutions (pH 3.56 and 6.86). Conductivity was measured using a HI ï 933000 (Germany) 
conductivity meter with automatic temperature compensation. The measurement range of the 
instrument is 0-199.9 mS /cm, and it has an accuracy of 1%. 

Water samples were filtered using 47 mm diameter 0.45 mm pore size Whatman cellulose 
nitrate filters, using a Sartorius 1651 hand pump. For cation determinations, 30 ml of filtered 
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samples were collected in Nalgene bottles and acidified with 0.5 ml high purity conc. HNO3. 
Element concentrations were determined by ICP-MS (ELAN 6000, ELAN 9000), using 
standard techniques (with reference to synthetic solution standards). For anion 
determinations, 300 ml of filtered water were collected in Nalgene bottles and analyses 
carried out by colourimetry, titrimetry and turbidimetry. 

Sediment samples were collected during July 2011. Samples were placed in polythene bags, 
air dried in the laboratory, sieved to <0.6 mm, ground to a fine powder in a tungsten carbide 
mill (Retsch RM 100), acid digested in HF+HNO3+HCl in Teflon vessels and analysed using 
AAC (Perkin Elmer 3110). A certified reference material (JSD-1, stream sediment) was 
regularly digested and analysed, which gave Pb and Cd values within 10% and 6% of the 
certification, respectively. 

4.1.9 Spectral analysis of leaves and soils 

The leaf and soil spectral analysis programme was designed to identify parameters that 
correlate with observational and chemical datasets collected by IMIN, UNEXE and GEOS. 
The aim was to develop ground-based methods for Earth observation related to the 
environmental impacts of mining-related activities and to ground truth interpretations from the 
satellite imagery.  

The approach was to collect spectra from leaves and soils in both Karabash and 
Mednogorsk using a portable spectrometer. In addition, we intended to fly a number of 
airborne surveys with a Smartplanes unmanned aircraft (UAV). Unfortunately, it was not 
possible to fully carry out our planned work as we encountered a number of severe logistical 
problems. During the inspection of the ATA-carnet for our equipment, issued by the Dutch 
Chamber of commerce, the Yekaterinburg Airport customs officials discovered a small 
mistake in the document, and for this reason they confiscate all equipment. It took a full week 
and very significant effort by IMIN to recover the portable infrared spectrometer. The UAV 
was not allowed entry into Russia and had to be returned to Holland. We lost a full week 
waiting for the Terraspec to be released and one day at the end of the period because the 
spectrometer had to be returned to customs. As a result we only had one week to visit both 
Karabash and Mednogorsk. As Mednogorsk is a full day drive from Miass, it meant that we 
only had 5 effective field days instead of the planned 13 days. 

After collecting the spectrometer at customs, we found that the fibre optic cable of the 
Terraspec instrument was badly damaged, and as a result we could not use the instrument 
for soil analysis. Leaf measurements could still be performed, but the spectra were extremely 
noisy and therefore only semi-qualitative at best. Since we could not measure the soils and 
rocks in situ, we planned to take the samples to the Netherlands for analysis. Unfortunately, 
Russian regulations did not allow the export of the soil and rock samples, and therefore a 
portion of the samples (mostly from Mednogorsk) had to stay behind without being 
measured.  

In spite of these issues, the results of our 2011 fieldwork were encouraging and therefore we 
decided to organise a second field visit in 2012, even though it was not foreseen in the 
original project plan. Based on the 2011 field results, in combination with the outcome of the 
processing of the satellite images, it was decided that in 2012 we should focus on Karabash. 
The aims of this fieldwork were to repeat the 2011 measurements, to extend our sampling 
program further away from the smelter, and to obtain a denser measurement grid for the 
area already sampled. Because some of the problems with the spectrometer were not easily 
solved, and in order to be able to conduct solar reflectance measurements, GEOS decided to 
replace its old spectrometer with a new state-of-the-art Spectral Evolution portable infrared 
spectroradiometer. 

Birch leaves were measured in more than 140 locations using the Spectral Evolution 
spectrometer with bifurcated vegetation probe. The preferred size of trees for sampling was 
between 2m and 5m but in some cases only smaller trees were available. Leaf sampling was 
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done at a height of approximately 1.5 m. In most locations we sampled three separate trees, 
and for each tree we measured three leaves. A number of parameters were then calculated 
as vegetation indices (see Results). 

For the Karabash demo-site, where in situ vegetation spectra were available, in total 11 
vegetation indices were derived from the in situ reflectance data (Table 4.2). Vegetation 
indices correlate closely with vegetative biochemical constituents, since its computation is 
based on spectral characteristics which maximize sensitivity to the parameter of interest 
whilst minimizing sensitivity to other terms (Asner et al., 2003). 

Table 4.2 Spectral vegetation indices derived from in situ vegetation spectra 

Name Abbrev. Formula
a
 References 

Normalized green 
red difference 
index 

NGRDI (Rg ï Rr)/(Rg + Rr) Tucker (1979) 

Triangular 
greenness index 

TGI ï0.5Ö[(ɚr ï ɚb)Ö(Rr ï Rg) ï (ɚr ï ɚg)Ö(Rr ï Rb)] Hunt et al. 
(2011) 

Modified 
chlorophyll 
absorption 
reflectance index 

MCARI [(R700 ï Rr) ï 0.2Ö(R700 ï Rg)]Ö(R700/ Rr) Daughtry et al. 
(2000) 

Transformed 
chlorophyll 
absorption 
reflectance index 

TCARI 3Ö[(R700 ï Rr) ï 0.2Ö(R700 ï Rg)Ö(R700/ Rr)] Haboudane et 
al. (2002) 

Triangular 
chlorophyll index 

TCI 1.2Ö(R700 ï Rg) ï 1.5Ö( Rr ï R550)Öã(R700/ Rr) Haboudane et 
al. (2008) 

Soil adjusted 
vegetation index 

SAVI (1 + 0.5)Ö(Rn ï Rr)/(Rn + Rr + 0.5) Huete (1988) 

Optimized soil 
adjusted 
vegetation index 

OSAVI (1 + 0.16)Ö(Rn ï Rr)/(Rn + Rr + 0.16) Rondeaux et al. 
(1996) 

Modified soil 
adjusted 
vegetation index 

MSAVI 0.5Ö{2ÖRn + 1 ï ã[(2ÖRn + 1)Į ï 8Ö(Rn ï Rr)]} Qi et al. (1994) 

Normalized 
difference 
vegetation index 

NDVI (Rn ï Rr)/(Rn + Rr) Tucker (1979) 

Triangular 
vegetation index 

TVI 0.5Ö[120Ö(Rn ï Rg) ï 200Ö(Rr ï Rg)] Broge and 
Leblanc (2000) 

Ratio vegetation 
index R760/R900 

RVI760-900 R760/R900 - 

a
 Rɚ is the reflectance at wavelength ɚ; Rb, Rg, Rr, Rn are the reflectances at 480, 550, 670, 800 nm, 

respectively (e.g. Zarco-Tejada et al., 2004). 

 

The vegetation indices used in this study include intrinsic, soil-adjusted and angular indices. 
Intrinsic indices, including normalized difference vegetation and ratio indices, involve the 
extraction of spectral information from two spectral bands (e.g. NDVI, NGRDI, RVI760-900). 
However, an inherent drawback of these indices is the loss of uniqueness in information by 
the fact that different plants can have different spectral responses, but have band ratio 
values that are equal. Soil-adjusted vegetation indices attempt to improve the extraction of 
spectral information of vegetation considering soil influences. Soil reflectance is generally 
lower in near-infrared (NIR) wavelengths and higher in red wavelengths compared to 
vegetation reflectance. The basic assumption on which the soil-adjusted vegetation indices 
are based is that all soils establish an equal linear relationship between NIR and red 
reflectances. Intrinsic soil-adjusted vegetation indices are intrinsic indices which include a 
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soil-adjustment factor, based on the coefficients of the soil line, in their calculations (e.g. 
SAVI, MSAVI, and OSAVI). 

Broge and Leblanc (2000) developed the Triangular Vegetation Index, TVI, based on the 
area of a triangle with vertices at green, red and NIR wavelengths, which is sensitive to 
chlorophyll content. Other angular indices include TCI and TGI. Commonly used chlorophyll-
related indices containing information from the green band, such as TCARI, and MCARI, 
were also included in this study. 
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5 RESULTS OF IN-SITU SAMPLING AND ANALYSIS 

5.1 Karabash demo site 

5.1.1 General vegetation 

Karabash lies on the border between Taiga and Forest-Steppe zones, on the eastern slopes 
of the South Ural Mountains. The vegetation of the eastern slopes of the mountains (mainly 
pine and birch) differs considerably from that of the western slopes, dominated by broad-
leaved forests, intermixed with conifers. In the southern part there is forest-steppe 
vegetation. At higher elevations, and on wetter slopes, conifers normally predominate and 
pioneer species, particularly birch are locally frequent due to forest management and other 
anthropogenic activities. However, individual forest parcels, varying from almost 100% pine 
to almost 100% birch, do occur at least partly reflecting anthropogenic activities. Vegetation 
type and density is also affected by geology. The area is transected by a major fault zone 
which marks the suture between the Siberian and East European cratons. Many different 
rocks occur in the area as narrow fault slices, including granitoids, miaskites, ultrabasic rocks 
(dunites, harzburgites) which will influence both soils and plants. Humic soils are generally 
thick and well developed. 

An appraisal of vegetation type was carried out at each lichen transplant site (Table 5.1) and 
each point for leaf spectral analysis (Fig. 5.4). In general, at a distance of >10 km from the 
smelter, the forest exhibits considerable diversity in terms of tree species and understory, 
often at a local (<100 m) scale. Whilst a species-rich herbaceous layer is often present, 
considerable variations do occur over short distances reflecting various factors (soils, 
management, shading etc).  

Table 5.1 Notes on vegetation types and abundances at lichen monitoring sites. 

Site Date Latitude Longitude Vegetation notes 
U0 03/06/2011 55.26490 59.69443 Mixed coniferous (Abies, Picea, Pinus) / deciduous (Betula, Sorbus and 

Populus etc ) woodland in herb-rich grassland. 

U1 09/06/2011 55.12957 59.95104 Betula woodland with scattered Larix in herb-rich grassland.  

U2 09/06/2011 55.16255 60.00993 Betula woodland with scattered Pinus and Sorbus saplings in herb-rich 
grassland.  

U3 09/06/2011 55.23111 60.12449 Betula woodland with scattered Pinus and Sorbus saplings in herb-rich 
grassland. 

U4 05/06/2011 55.43630 60.21800 Betula woodland with scattered Pinus. <75% ground cover dominated 
by bryophytes and lichen with scattered forbs characteristic of 
serpentiniferous soils. 

U5 04/06/2011 55.45522 60.20063 Betula woodland with deep litter layer and impoverished herbaceous 
ground cover (< 1%). 

U6 04/06/2011 55.49907 60.25987 Betula woodland with scattered young Pinus and Populus.  Ground flora 
generally impoverished with deep litter layer; however tolerant species 
locally dominant. 

U7 08/06/2011 55.52071 60.32602 Pinus / Betula woodland influenced by logging activities. Moderately 
herb-rich grassland.  

U8 07/06/2011 55.71354 60.46695 Betula / Pinus forest with young Sorbus and Malus. Well developed 
species-rich herbaceous layer.  

U9 08/06/2011 55.59170 60.40317 Betula woodland with Sorbus and scattered Pinus. Species-rich 
herbaceous layer.  

U10 07/06/2011 55.62779 60.38590 Betula / Pinus woodland with abundant Sorbus saplings in moderately 
species-rich  grassland. 

U11 06/06/2011 55.33907 60.24405 Betula woodland with Populus tremula saplings and diverse, species-
rich herbaceous layer.  

U12 04/06/2011 55.43190 60.16841 Betula woodland with scattered Pinus, Picea, Larix, Abies and Sorbus. 
Species poor herbaceous layer.  

U13 12/09/2011 55.45991 60.28773 Betula woodland with extensive (>90%) leaf litter; herbaceous layer 
absent; terricolous bryophytes and lichens occasional. 

U14 12/09/2011 55.43260 60.33366 Betula woodland with scattered Pinus. Species-impoverished grassland. 
Leaf litter ca 50%. 
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U15 15/09/2011 55.48501 60.17124 Betula woodland with deep litter layer; ground cover absent. 

U16 15/09/2011 55.50231 60.12805 Mixed Pinus, Betula woodland in grassland dominated by ericaceous 
species.  

U17 15/09/2011 55.50972 60.03794 Coniferous woodland dominated by Abies and Pinus; Betula rare. Tall 
herbaceous layer well developed.  

U18 16/09/2011 55.43771 60.46793 Betula woodland with scattered Pinus saplings and diverse flora. 

U19 16/09/2011 55.43891 60.57418 Betula woodland with Populus tremula and Pinus saplings in grassland 
with a few locally dominant species. 

U20 16/09/2011 55.43861 60.80022 Betula woodland with Populus tremula saplings in grazed herb-rich 
grassland, grazed by cattle. 

U21 17/09/2011 55.53030 59.90569 Betula woodland with Pinus, Larix, Abies, Sorbus and Populus tremula 
saplings in herb-rich grassland with diverse and abundant mosses and 
lichens.  

 

At distances between ~10 and 4 km from the smelter, the forest noticeably starts to thin. Pine 
trees become reduced in abundance and size and have a discoloured (brown) appearance 
(Fig. 5.2), and the herbaceous layer can disappear entirely or else is restricted to a few 
tolerant species (including pollution tolerant ground-dwelling lichens and bryophytes). In 
sheltered areas extensive undecomposed leaf litter is often present and soil quality markedly 
deteriorates. In many places there is only a very thin layer of poorly decomposed organic 
matter covering exposed rock (see Fig. 5.2). 

At distances less than ~4-5 km, the conditions rapidly deteriorate (Fig. 5.3). Pine trees are 
absent, there is little or no undergrowth and very little top-soil. The ground surface consists of 
weathered rock with varying iron oxide enrichment. Slopes in this area are often heavily 
eroded, such as the west face of Karabash ómountainô with serpentiniferous soils generally 
unfavourable for plant growth. 

 

Fig. 5.1 Pinus / betula mixed forest vegetation. Diverse undergrowth and well-developed soils 
occur at distances greater than 10-15 km from the Karabash smelter. 
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Fig. 5.2 Vegetation and soils at less than 10 km from the smelter. 

 

Fig. 5.3 Less than 4 km from the smelter; vegetation is typically denuded and soils eroded. 
Right-hand picture shows the smoke moving eastwards from the smelter stack towards 
Karabash óMountainô. 

At each site where leaf spectra were taken, an estimate was made as to the relative 
abundance of pine trees and the condition of the herbaceous understory. Four groups were 
identified, with pine trees and understory defined as absent, scarce, moderate or abundant. 
Although this information was not collected in a systematic and statistically sound manner, 
and hence should be regarded as indicative only, these parameters clearly show a zoned 
pattern around the smelter (Fig. 5.4). The abundance of pine trees may not be as reliable an 
environmental indicator as the herbaceous layer as the presence of pine trees depends 
strongly on other factors such as forestry management. 
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Fig. 5.4 Distribution of pine trees (left) and density of the herbaceous understory (right) at each 
point where leaf spectra were acquired. 

5.1.2 Lichens and tree bark 

Hypogymnia lichen frequency was measured at monitoring stations U0, U3-16 & 18-21 (Fig. 
4.1), results in Table 5.2. Different lichens were recorded on twigs, either crustose, foliose 
and fruticose growth forms (Table 5.3). 
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Table 5.2 Hypogymnia frequency (at tree base and 1.5m above ground level), together with 
birch twig and bark pH at lichen monitoring sites. 

    

% 
Hypogymnia 
frequency 

% 
Hypogymnia 
frequency  Twig lichen  Twig Trunk 

Site Date Latitude Longitude (base) (at 1.5m) frequency pH pH 
U0 03/06/2011 55.26490 59.69443 70 100 23 4.1 4.8 

U1 09/06/2011 55.12957 59.95104           

U2 09/06/2011 55.16255 60.00993           

U3 09/06/2011 55.23111 60.12449 100 55 3 4.5 4.3 

U4 05/06/2011 55.43630 60.21800 0 0 0 4.5 4.6 

U5 04/06/2011 55.45522 60.20063 0 0 0 4.6 5.0 

U6 04/06/2011 55.49907 60.25987 0 0 0 4.0 4.3 

U7 08/06/2011 55.52071 60.32602 10 0 0 4.5 4.7 

U8 07/06/2011 55.71354 60.46695 88 25 0 4.0 4.7 

U9 08/06/2011 55.59170 60.40317 93 35 0 4.6 4.9 

U10 07/06/2011 55.62779 60.38590 0 0 0 4.4 4.5 

U11 06/06/2011 55.33907 60.24405 78 7 0 4.4 4.6 

U12 04/06/2011 55.43190 60.16841 0 0 0 4.9 4.9 

U13 12/09/2011 55.45991 60.28773 0 0 0 4.6 5.5 

U14 12/09/2011 55.43260 60.33366 0 0 0 4.5 5.0 

U15 15/09/2011 55.48501 60.17124 0 0 0 3.7 4.7 

U16 15/09/2011 55.50231 60.12805 8 0 0 3.6 4.7 

U17 15/09/2011 55.50972 60.03794 N/A N/A 0   4.3 

U18 16/09/2011 55.43771 60.46793 35 0 0 3.9 4.5 

U19 16/09/2011 55.43891 60.57418 48 0 0 3.8 4.4 

U20 16/09/2011 55.43861 60.80022 80 8 0 4.1 4.7 

U21 17/09/2011 55.53030 59.90569 45 53 0 3.7 5.4 

 
Hypogymnia frequency ranged from 0 to 100% on trunk bases and at 1.5 m above ground 
level. The frequency of Hypogymnia with distance from the smelter showed an inverse bell-
shaped curve away from the smelter in both the NE-SW and W-E transects (Fig. 5.5). Similar 
trends were observed at 1.5 m above ground level.  

Five groupings in lichen frequency data were resolved by multivariate analysis: 

(A) Reference Site 'U0'. Characterised by the high frequency of lichens occurring on Betula 
twigs (9 crustose, 6 foliose and 3 fruticose) and the highest recorded frequency of 
Hypogymnia on Betula trunks at 1.5 m above ground level. 

(B) Site 'U3'. Southernmost site of the SW transect characterised by a few lichens recorded 
on twigs (1 crustose and 4 fruticose) recorded on Betula twigs and the highest recorded 
frequency of Hypogymnia at the base of Betula. 

(C) Sites 'U21', 'U8', 'U9', 'U11', and 'U20'. Outer sites characterised by the absence of 
lichens recorded on twigs, moderate Hypogymnia physodes frequency at 1.5 m above 
ground level and high frequency at ground level. 

(D) Sites 'U18', 'U19', 'U7', 'U16'. Inner sites characterised by the low Hypogymnia frequency 
at ground level, absence of Hypogymnia at 1.5 m above ground level and absence of lichens 
on twigs. 

(E) Sites 'U12', 'U4', U5', 'U6', 'U10', 'U15', 'U13', and 'U14'. Central sites and 'U10' lying to 
the NE. A virtual Hypogymnia lichen desert with no lichens recorded on twigs. 

Table 5.3 Numbers of different lichens recorded on twigs at lichen monitoring sites U0 (lichen 
reference site) and U3 according to growth form. No lichens were found growing on twigs at 
other monitoring sites. 

Site Crustose  Foliose  Fruticose  

UO 9 6 3 

U3  4 1 
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Fig. 5.5 Hypogymnia frequency at the base, and 1.5m above ground level, of birch trees with 
distance from the smelter in NE-SW (A) and W-E (B) transects. 

5.1.3 Birch trunk bark and twig pH 

Both birch bark and twig pH was acidic throughout the study area, average site values 
ranging from 3.57 (site U16) to 4.88 (site U12) for twigs and from 4.29 (site U17) to 5.51 (site 
U13) for trunk bark (Fig. 5.6). There was a decrease in pH in both tree bark and twigs 
towards the east of Karabash (< 24 km) and towards the W (<15 km) and SW (<30 km). Both 
bark and twigs showed increasing pH towards the NE (<24 km). 
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Fig. 5.6 Birch trunk bark and twig pH with distance from the smelter in NE-SW (A) and W-E (B) 
transects. 
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5.1.4 Lichen and twig elemental compositions 

Lichens are widely used in biomonitoring studies as they can provide cost effective and 
discrete tools for mapping spatial and temporal patterns of pollutants deposited from the 
atmosphere. Lichens accumulate metals either from uptake of soluble chemical species from 
wet or dry deposition or as particles from dry deposition (Williamson et al., 2004a). The 
presence of metal-rich particles on thallus surfaces and within their interiors has been directly 
demonstrated using scanning electron microscopy (Williamson et al., 2004a).  

Plots of selected element concentrations in lichens (transplant and naturally occurring) with 
respect to distance from the Karabash smelter are shown in Fig. 5.7 and 5.8. In Hypogymnia 
transplants, Pb concentrations show a characteristic sharp increase within ca. 10 km from 
the Karabash smelter, both to the NE and SW (Fig. 5.8). In the lichen transplants closest to 
the smelter (Site 5), of all elements analysed, Zn reached the highest concentration (1894 
Õg/g), followed by Cu, Pb, As, Sn, Ni, Sb, Cd, Bi, Co and Tl (in order of decreasing 
concentrations).  

 

 
Fig. 5.7 Selected element concentrations recorded in birch twig bark from sites U3, U5 and U8 
and transplanted lichen material exposed for 3 months closest to the smelter at site U5 in 2011.  

However, Pb levels in the lichen transplants have not yet reached those recorded in native 
Hypogymnia present at the same sites. The bell-shaped curve shown by the 2011 lichen 
transplants in Fig. 5.8 is consistent with Pb contamination from a point source. Conspicuous 
in Fig. 5.8 and 5.9 is the high Pb and Cu levels in the native lichens to the east of the 
smelter, far higher than for native lichens to the NE or SW.  
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Fig. 5.8 Pb concentrations in native and transplanted lichens around Karabash. 
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Fig. 5.9 Cu concentrations in native and transplanted lichens around Karabash. 

Similar spatial patterns of element concentrations were recorded in birch twig bark along the 
NE-SW and W-E transects (Fig. 5.10 and 5.11). Unlike the lichen transplants, the twig bark 
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samples from the W-E transect show very similar, or in the W slightly lower Pb and Cu 
concentrations to those at the same distance from the smelter in the NE-SW transect.  
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Fig. 5.10 Pb concentrations in birch twig bark around Karabash. 
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Fig. 5.11 Cu concentrations in birch twig bark around Karabash. 

 

For S, from the graph in Fig. 5.12, the native lichens from 2011 almost always show lower 
levels than those collected from the same sites in 2001. 
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Fig. 5.12  S concentrations in naturally occurring lichens sampled across the NE-SW transect 
(ǒ) in 2001 and 2011, and an additional W-E transect (ƶ) in 2011. 

5.1.5 Air filter samples 

Five air filter samples were collected, 4 from Karabash town, and one from Mednogorsk 
(Table 5.4). The highest levels of most metals, except Cd and Sb, were in Filter #1, sampled 
within the plume of the smelter, 2 km SE of the Karabash smelter. In all filters, the dominant 
metals are Pb and Zn, followed by As. The Mednogorsk air filter has a very similar element 
profile to the Karabash filters, with the exception of having relatively high Sb. 

Table 5.4 Metals concentrations in air filters from Karabash (KA) and Mednogorsk (MD). 

Filter Sample E N Date As Bi Cd Pb Sb Zn 

        collected ng/m
3
 ng/m

3
 ng/m

3
 ng/m

3
 ng/m

3
 ng/m

3
 

1 KA(AR)950 60
o
13ò 24.3ô 55

 o
27ò20.5ô 16/07/2011 2.5 0.1 0.073 13.4 0.34 12.8 

2 KA(AR)956 60
 o
08ò 04.7ô

 
55

 o
13ò07.7ô 17/07/2011 0.6 0.011 0.029 1.2 0.12 0.8 

3 KA(AR)957 60
 o
09ò29.2ô 55

 o
00ò57.9ô 18/07/2011 0.3 0.009 0.005 0.5 0.03 1.0 

5 KA(AR)977 60
 o
10ò42.8ô 55

 o
27ò27.7ô 20/07/2011 1.5 0.044 0.111 9.3 0.62 9.0 

6 MD(AR)350 57
 o
34ò23.4ô 51

 o
25ò 39.4ô 23/07/2011 0.4 0.013 0.031 2.1 0.65 3.5 

 

Individual particles, imaged in field emission SEM, were found to be less than 2 mm in 

diameter, made up of aggregates of nano-sized (<100 nm) particles (Fig. 5.13). These <2 mm 
particles are respirable, i.e. able to penetrate into the deepest, alveolar, regions of the lungs 
where they can do most harm.  Qualitative elemental data for individual particles, determined 
using X-ray elemental analysis in the field emission SEM, are shown in Fig. 5.14. Like in the 
whole-filter analyses, the composition of the particles is dominated by Pb, Zn and As.  

 



 
 IMPACTMIN WP7.4 Contract ˉ: 244166 

52 

 

Fig. 5.13 Scanning electron photomicrograph of airborne particulate downwind from the 
Karabash smelter (Filter 1). The particles appear to represent aggregates of nano-size (< 100 
nm) particles. 
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Fig. 5.8  Qualitative data for metals in airborne particulate from downwind of 

the Karabash smelter

 

Fig. 5.14 Qualitative data for metals in individual airborne particulate (each coloured line) 
collected downwind of the Karabash smelter (Filter 1). 

5.1.6 Soils 

Chemical analysis of soil samples taken in 2011 were performed by IMIN, see results for Pb 
and As in Fig. 5.15, and Cr and Ba in Fig. 5.16. Three groups of elements can be identified in 
the soils. The first group includes Cu, Pb, Zn, As, Sb and Cd that display enhanced values in 
the surroundings of the smelter (Fig. 5.15) and decrease with distance to the smelter. The 
second group includes Ni, Cr, V, Co (Fig.5.16), which are likely to be influenced by local 
mafic bedrock geology. The third group includes Ti, Mn, Ba, for which the association is not 
clear (Fig. 5.16). 
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Fig. 5.15 Plots for Pb and As concentrations in soil samples.  
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Fig. 5.16 Cr in soil samples (left image), which appears to correlate with bedrock geology; Ba 
content of soil samples (right image), showing no clear spatial correlation. 

During the 2012 field-campaign, from July 20 to July 31, many additional soil samples were 
collected. We extended the profiles sampled in 2011 to include a number of additional 
profiles in a radial pattern around the smelter in order to improve our ability to map variations 
in all directions. Enhanced values for heavy metals can be seen in all directions up to more 
than 10 km from the smelter (Fig. 5.15). Soil Pb values are 15 times greater than background 
(assumed to be 20 ppm Pb) at a distance of 5 km, and 150 times the background value 
within 2 km from the smelter. Similar enrichment factors are observed for Cd, Mo, Cu, Zn and 
As. 

5.1.7 Wastes 

The location, volume, tonnage and composition of waste dumps in Karabash has been 
determined as these are potential sources of acid rock waters, invariably containing elevated 
levels of toxic elements such as As, and producing wind blown dusts. A list of waste dumps, 
with their main characteristics, is given in Table 5.5. 

 

Name of waste 
dump 

Mineralogical composition Million 
tonnes 

Composition, in mg/g 

Tailing 1 
Ψ{ǘŀǊƻƎƻŘƴŜȅŜΩ 

 

1958 to 1991 

Pyrite, chalcopyrite, sphalerite, tennantite and 
galena with quartz, feldspar, sericite, chlorite 
and barite. Alteration phases (to 20 cm depth) 
copiapite, melanterite, epsomite and 
alunogen. Around 65% < 0.074 mm. 

5.9 As 84-945 (772)  
Cu 1235-2884 (2155)  
Mn 1389-2273 (1781) 
Pb 471-2477 (1053)  
Zn 1033-3482 (2477)   N=7 

Tailing 2 
ΨbƻǾƻȅŜΩ  

Pyrite, chalcopyrite, sphalerite, tennantite, 
galena with quartz, feldspar, sericite, chlorite, 

3.2 As 580-1228 (690)  
Cu 923-1360 (1187)  
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1974 to 1989 

barite, behind a 35m high dam. 3 zones: 
oxidation (depth 1.5 m) with sulfides and 
silicates + alteration phases; transition zone 
with iron hydroxides and gypsum; zone with 
primary and secondary sulfides 

Mn 1645-1990 (1805) 
Pb 498-1641 (833)  
Zn 1404-3783 (1948)   N=5 

¢ŀƛƭƛƴƎ о Ψ{ŀƪ-
9ƭƎŀΩ 

 

1933  to 1958 

Tailings in river valley.  Mineralogical 
composition similar to Tailing 2, oxidation 
zone. 20% >0.63 mm, 12% 0.63-0.315, 20% 
0.315-0.16, 37% 0.16-0.074, 10% 0.074-0.04, 
1% <0.04 mm. 

9.2 As 309-1173 (488)  
Cu 1037-2966 (1468)  
Mn 983-2154 (1550) 
Pb 368-1800 (697)  
Zn 1178-3650 (2497)   N=6 

Metallurgical 
slag dump 1 

 

 

Metallurgical slag from smelter, mainly glass  15.6 As 614-830 (735)  
Cu 2581-3659 (3073)  
Mn 4389-5266 (4806) 
Pb 417-628 (467)  
Zn 14855-21576 (18254)   N=11 

Metallurgical 
slag dump 2 

 

 

Metallurgical slag from smelter, mainly glass 2.5 As 792-1047 (835)  
Cu 3045-3712 (3436)  
Mn 3331-4012 (3770) 
Pb 1733-1970 (1840)  
Zn 15749-18888 (16994)   N=8 

Table 5.5 List of waste dumps in the Karabash area.  

 

5.1.8 Surface waters and sediments 

Surface water and stream and lake sediment sampling was carried out to verify the extent of 
contamination from acid rock/mine drainage from wastes, tailings and abandoned mine 
workings and effluents from the smelters and processing plants. The sampling locations for 
rivers and streams in Karabash is shown in Fig. 5.17(labeled 897 to 904). 

 

Fig. 5.17 Sampling localities for rivers and streams around Karabash. 

Geochemical data for waters from Karabash are presented in Table 5.6. All mine waters 
analysed have low pH and high levels of heavy metals, particularly iron and aluminum (Fig. 
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5.18). The high content of Fe is caused by acid decomposition of iron disulfide - pyrite, and 
aluminium by hydrolysis of aluminosilicate phases in wastes and tailings. 

 

Table 5.6 Chemical composition of surface waters around Karabash. 

 

 

 

 KA(W)897 KA(W)898 KA(W)899 KA(W)900 KA(W)901 KA(W)902 KA(W)903 KA(W)904 

Physico-chemical parameters, mg/l 

pH 6.4 5.85 4.28 3.2 3.45 4.28 6.76 7.1 

Eh 290 340 380 450 450 380 285 280 

͔̏ͭͪ͟͡Φ 199.7 68.5 819 3660 754 559 201 221 

HCO3
-
 32.9 12.2 1.9 <1.0 <1.0 2.3 64.6 93.9 

Cl
-
 11.2 13.3 22.0 78.1 27.6 18.4 18.8 18.8 

SO4
2-
 67.5 31.1 566 3000 505 370 46 36.2 

NH4
+
 <0.01 0.07 1.35 1.75 0.35 0.01 0.01 0.06 

NO2
-
 0.016 <0.003 0.102 <0.003 0.048 0.01 0.01 0.02 

NO3
-
 2.84 1.92 <0.02 <0.02 <0.02 2.00 3.10 4.92 

Ca 24.4 7.2 79.0 395.2 69.7 53.5 18.1 19.8 

Mg 8.2 6.2 57.8 324.2 54.9 28.9 10.5 14.7 

K 2.9 1.8 7.3 8.7 4.2 3.9 1.7 1.9 

Na 3.1 2.9 23.9 35.3 18.2 15.4 7.8 9.1 

¢ǊŀŎŜ ŜƭŜƳŜƴǘǎΣ ҡƎκƭ 

Li 3.26 0.89 8.52 75.67 7.14 4.38 1.84 1.62 

Al 1.7 36.8 108 17314 834 312 12.5 6.4 

Sc 0.01 0.08 0.07 4.20 0.26 0.06 0.01 0.01 

Cr 0.05 0.37 0.61 18.66 1.38 1.84 0.22 0.38 

Mn 452 37 2883 30640 3502 2361 35 1.0 

Fe 12.4 24.5 6583 129726 2375 86 9.7 8.8 

Co 2.4 0.2 40 430 38 25 0.2 0.1 

Ni 6.1 5.9 180 1364 165 138 11.5 4.2 

Cu 29.8 17.5 248 24296 1381 532 17.1 2.8 

Zn 1057 111.4 32173 52796 11669 9052 388 9.3 

As 1.8 2.5 322 17.1 5.1 3.0 1.8 2.1 

Se 0.65 0.22 3.32 3.80 0.19 0.76 0.28 0.18 

Sr 116 40.7 193 1177 190 138 97 113 

Mo 0.46 0.10 4.37 2.64 2.45 1.68 0.41 0.64 

Cd 3.99 0.41 26.1 204 23.4 14.2 0.48 0.02 

Sn <0.05 <0.05 28.6 24.4 22.6 21.1 <0.05 <0.05 

Sb 3.62 1.10 0.46 0.57 0.19 0.21 0.59 0.36 

Ba 72.0 38.4 63 14 92 37 37.1 25.9 

Tl 0.131 0.077 0.94 2.60 0.48 0.52 0.020 <0.001 

Pb 1.04 1.46 20.7 369 71 74 0.25 0.22 

Bi 0.002 0.004 0.014 0.011 0.002 0.001 0.002 0.001 

Th 0.001 0.039 0.067 0.53 0.012 <0.001 0.005 0.007 

U 0.030 0.077 0.899 4.8 0.49 0.31 0.48 0.94 
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Fig. 5.18 Classification diagram (pH vs Zn+Cu+Cd+Pb+Co+Ni mg/l) concentrations  for 
industrially impacted waters in the Southern Urals and background areas (I - Ultrakislye 
podotvalnye water (acid), II - mixed waters, III - Neutral background waters). 

 

The form of metals in background waters and AMD, and mixed waters, is shown in Fig. 5.19. 
Cu and Zn are generally transported in solution in AMD and background waters. In the zones 
of mixing, Cu is mainly transported in coarse colloidal particles and óslickô, whilst Zn 
continues to be transported in solution. Fe and Al in the mixing zones is almost all 
transported in the form of coarse colloids. The formation of colloids, containing jarosite, 
schwertmannite and basaluminite, occurs due to hydrolysis as a result of mixing with 
background waters. The particles provide large surface area substrates for sorption of Zn, 
Cu, Pb, Cd, As, Se, Tl, Sb and Bi.  

 

 

Fig. 5.19  Forms of metals in different types of water around Karabash. 
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From electron microscopy, suspended particles in the mixed waters contain all of the main 
sulphide minerals present in the wastes and tailings: pyrite, chalcopyrite, sphalerite, galena 
and barite. All of these phases, except galena, are also present as suspended solids in flood 
waters in the northern Argazy water reservoir (Fig. 5.17), one of the sources of drinking water 
for the major Russian city of Chelyabinsk. The distance of transport of sulfide particles, 2 to 

50 mm in size, from their source to the northern part of the Argazi reservoir is about 10 km 
(Fig. 5.17). The colloidal fraction is dominated by Fe hydrosulphate and gypsum (Fig. 5.20, 
5.21). 

 

    

Fig. 5.20 Scanning electron micrograph of newly-formed minerals in sediments from water 
mixing zones (1. Fe hydrosulphate, 2. Fe hydrosulphate with iron bacteria Gallionella). 

 

 

Fig. 5.21  Transmission electron 
micrograph of colloidal particles of 
gypsum from the water mixing zone. 

 

 

 

 

 

 

 

 

 

 

The overwhelming majority of the Cu, As, Se, Bi, Sb, and, to a lesser extent Zn, Cd, is  
bound to Fe and Al colloids which reduces the potential toxicity of these substances. The 
main types of hydrolysis reaction are: 

 

Acid  Fe3+ + 3OH- ҭ CŜhI2+ + 2OH- ҭ Ce(OH)+2 + OH- ҭ CŜόhIύ3
 Neutral 

Acid Al3+ + 3OH- ҭ !ƭhI2+ + 2OH- ҭ !ƭόhIύ+
2 + OH- ҭ !ƭόhIύ3

 Neutral  
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Thus, the alkaline natural barrier formed in the mixing zones of AMD and background waters 
can be used to build embedded artificial geochemical barriers in the rehabilitation of man-
made landscapes. 

 

5.1.9 Reflectance spectra of leaves and soils 

Summer 2011 

As reported in Section 4, the leaf spectra collected during the 2011 field-campaign were of 
poor quality because of a broken fibre-optic cable, which gave spectra which were noisy and 
of variable intensity. This meant that the absolute reflectance data collected during this 
campaign could not be used. However, we could still use the shape of the spectra as this 
remained largely unaffected in the VNIR region (350-1000 nm).  

There are many vegetation indices that use band-ratios or derivatives thereof, but since we 
have no control over the quality of absolute reflectance of the leaf spectra, we cannot use 
these indices. There is one vegetation index however that uses a specific wavelength feature 
instead of the reflectance values. This is the so called red-edge position, defined as the 
wavelength position of the inflection point of the slope between the red and NIR. The red-
edge position is a valuable parameter to assess 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. As the position of this inflection point is probably 
not affected by changes in reflectance, we were able to use our spectra to calculate the red-
edge position for the birch-leaves with reasonable confidence (see Fig. 5.22).  

 

a)
 b)
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Fig. 5.22 Plot of red-edge position of birch leaf spectra (left image). The inset shows an 
example of a healthy leaf spectrum (blue spectrum) and a stressed leaf spectrum (pink), and 
the relative band positions of WV-2 and Geo-eye imagery; Plot of r780/r900 for soil samples 
(right image). Higher ratios indicate higher Fe-oxide content. The inset shows a spectrum for 
normal soil, without Fe-oxides, and a spectrum for Fe-oxide rich soil. 

As reported in section 4, the soil samples collected in 2011 could not be taken out of Russia, 
and were therefore left at IMIN in Miass. When we returned to Miass in 2012, we could 
retrieve part of these samples, and perform the spectral analysis with our new spectrometer. 
Apart from clear mineralogical variations that could be correlated with underlying geology, 
the Fe-oxide enrichment trend towards the smelter was clearly visible in the spectra (Fig. 
5.22b). 

In the previous sections we have described how soils change as a function of distance to the 
smelter. We observed a dramatic decrease in the abundance of understory towards the 
smelter, and an increasing intensity of weathering and development of oxidation minerals 
such as goethite and sulphates. The extent of acid attack on exposed rocks, particularly on 
minerals such as pyroxene and olivine is shown in Fig. 5.23. Clear chemical changes 
demonstrate the pattern of fallout of acid and metal-rich particles from the smelter (Fig. 5.24).  

 

Fig. 5.23 Photo taken about 5 km southwest of the Karabash smelter. Clearly visible are the 
holes where mafic minerals such as olivine and pyroxenes have been leached out. The 
composition of the black varnish has not been analysed. 

In order to determine how these changes can be identified using remote sensing data, we 
extracted relevant mineralogical information from the soil spectra, and combined this 
information with soil geochemical data. From a visual inspection, the spectra show the 
presence of montmorillonite, kaolinite, chlorite, serpentine and goethite (see Fig. 5.25). Other 
minerals such as illite, gypsum and jarosite are found sporadically, and hence not plotted 
here. 

However, visual interpretation is subjective, and subtle differences are easily missed. For 
that reason, it is more suitable to work with mineral indices such as ratios of reflectances at 
specific band positions. The great advantage of this method is that this allows us to quantify 
gradual changes in certain mineral proportions, which can be correlated with other data, such 
as chemical composition. 

In Fig. 5.26 we have plotted the band ratio of reflectances (r) 2190nm/2325nm ñserpentine 
indexò. This ratio describes the depth of the 2325-absorption feature that is characteristic for 
serpentine minerals (but also for other minerals such as chlorite, see Fig. 5.26).   
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Fig. 5.24 Results of qualitative visual interpretation of soil spectra for A: montmorillonite ( top 
left), B: chlorite (top centre), C: serpentine (top right), D: goethite (bottom left) and E: kaolinite 
(bottom right). Blue symbols indicate that the mineral could not be identified, yellow indicates 
that the diagnostic signature is present but weak, and red indicates that the diagnostic 
signature is strong.  

 

Fig. 5.25 Spectral library plots for goethite (green) chlorite (red) and lizardite (white). Spectra 
from USGS spectral library. The vertical red lines indicate the band positions used for 
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calculation of the ñserpentine-indexò and the green lines the positions for calculation of the 
ñgoethite-indexò 

When we compare this with the distribution of high Ni values (Fig. 5.26b) we observe a 
similarity in the patterns. The plot of Ni versus the value of the band ratio seems to confirm 
that there is a trend, even though the correlation coefficient is only 0.32; most high Ni values 
are found in soils with a high band-ratio value. The fact that the correlation is relatively low 
could have to do with several factors, such as heterogeneity of soils, and the presence of 
minerals such as chlorite that also exhibit the 2325-absorption feature but are likely to 
contain much less Ni.  

a)           b) 

 

Fig. 5.26 a) Band ratios taken from solar reflectance spectra; b) Ni content of soil samples. The 
inserted graph shows the relation between the Ni content in soils and the spectral ñserpentine-
indexò. 

In Fig. 5.27 we plotted band ratio r759nm/r937 nm. This band ratio can be used to identify 
subtle changes in the ferric-iron absorption region (around 900nm, see Fig. 5.28), and is a 
good indicator for the presence of Fe-oxides like goethite. For convenience sake we call this 
ratio the ñGoethite-indexò. If we compare this plot with the map of the visual interpretation for 
Fe-oxides (Fig. 5.27), we may conclude that the area where Fe-oxides have been developed 
in soils is much larger than that found on the basis of visual interpretation, and that there is a 
much more gradual change in the Fe-oxides-signature as a function of the distance to the 
smelter.  
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Fig. 5.27 Goethite-index calculated from solar reflectance measurements of soils. 

 

Fig. 5.28 Spectra for birch leaves in a little contaminated area (pink spectrum) and a strongly 
contaminated area (magenta spectrum). The green arrow indicates the wavelength region 
where we observe significant changes. 

Summer 2012 

The results of the 2011 field work indicated the existence of well-defined vegetation zoning 
around the smelter, both in terms of species diversity and the spectral properties of birch 
leafs. The spectral analysis of birch leaves were at best indicative as the measurements 
were performed with a broken fibre-optic cable. For the 2012 field program, the 2011 
measurements were repeated, and the sampling extended to a greater distance from the 
smelter and in more directions.  
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Birch leaves were measured in more than 140 locations using the Spectral Evolution 
spectrometer with bifurcated vegetation probe. The preferred size of trees for sampling was 
between 2 and 5 m but in some cases only smaller trees were available. Leaf sampling was 
done at a height of approximately 1.5 m. In most locations we sampled three separate trees, 
and for each tree we measured three leaves. A number of parameters were then calculated 
as vegetation indices (see Fig. 5.29a-e, f). 

Fig. 5.29 gives an overview of the 140 in situ reflectance spectra of birch leaves in the 
surroundings of the Karabash smelter. The main differences between the spectra of leaves in 
very close proximity and located at larger distances are especially noticed in the near-
infrared (NIR) and visible (VIS) region of the spectrum, revealing differences in leaf 
biochemistry and anatomy.  

Absorption in the VIS (400-750 nm) is primarily driven by pigments, such as chlorophylls, 
generally regarded as a good indicator of plant physiological health (Pe¶uelas and Filella, 
1998), and carotenoids. The increase in the VIS and blue shift in the red edge inflection point 
(Ayala-Silva and Beyl, 2005; Li et al., 2006) of the stressed vegetation spectra (see yellow 
spectrum Fig. 5.29 is the result from a decreased chlorophyll content, related to vegetation 
stress. Visually, chlorotic changes are perceived as yellowing of leaves (Adams et al., 1999). 
Reflectance patterns in the NIR (750-1000 nm) are influenced by leaf surface features, 
internal architecture and biochemical composition. In stressed leaves epidermal cell walls 
may collapse, leading to less vacuolation and therefore less multiple scattering, i.e., less 
reflection above 750 nm as can be seen in Fig. 5.29. Above 1000 nm, the degree of 
hydration of a leaf influences its spectral properties whereby reflectance of a dry leaf is 
higher than that of fresh leaves across the visible range. Absorption of water determines the 
shape of the middle infrared reflectance curve with strong absorption bands around 
wavelengths at 1400 nm and 1900 nm. In this portion of the spectrum, no significant 
differences between healthy and stressed leaves can be seen in Fig. 5.29. 
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Fig. 5.29 Overview of 140 in situ reflectance spectra of birch leaves in the direct surroundings 
of the Karabash smelter: mean (black line), minimum and maximum (grey lines) and one 
standard deviation in each direction (grey shading). Positions of the most important 
wavelengths used for vegetation index calculation are shown. Example spectra of a relatively 
healthy birch far from the smelter (in purple) and one in very close proximity to the smelter (in 
yellow) are highlighted. 

The most remarkable change we observed in our spectra was in the slope between 750nm 
and 900nm, often referred to as the VNIR-plateau. Fig. 5.29 shows examples of spectra for 
birch leaves taken in a relatively uncontaminated area, approximately 15 km away from the 
smelter (pink line), and for a birch leaf taken in a highly contaminated location less than 1 km 
from the smelter (yellow). The difference in slope between the two spectra was calculated 
from the ratio of the reflectances at 750nm and 900nm.   
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When plotted on the map (Fig. 30a) this ratio shows a very clear consistent zoning around 
the smelter (also observed in the qualitative data from 2011). Unfortunately we were not able 
to find any references in the literature to this phenomenon, and further research is needed in 
order to be able to find an appropriate explanation.  

 

Fig. 5.30 Plots of various indices calculated from the birch leaf spectra. a: r760/r900; b: 
Normalised Difference Vegetation Index;  c: Normalised difference Lignin Index; d: Greenness 
(green/red); e: Red Edge Position 2012 samples; f: Red Edge Position 2011 samples. 

The plot of the NDVI (Fig. 30b) shows a similar but less consistent pattern. The general 
pattern nevertheless appears to be that the NDVI, and hence the amount of active biomass, 
increases with distance from the smelter. The Normalised Difference Lignin Index (NDLI Fig. 
30c) was calculated as [log (1/R1754)_log (1/R1680)]/[log (1/R1754) + log (1/R1680)] 
(Serrano et al., 2002). This index is used to estimate the foliar lignin concentration in leaves. 
An increase in lignin content is considered to be a common plant response to various stress 
factors, including heavy metals (Jbir et al., 2001; Diaz et al. 2001; Dixon et al., 2002; Janas 
et al., 2002; Mandre, 2002; Winkel-Shirley, 2002; Jouili and Ferjani, 2003; Lin et al., 2005; 
Yang et al., 2007; Kovacik and Klejdus, 2008). 

NDLI (Fig. 30c) exhibits significantly enhanced values in the area considered to be impacted 
by the smelter. As this pattern is in line with the findings of the above referred authors, it is 
possible that we are observing the effects of plant stress as a result of heavy metal and SO2 


