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Abstract 
In this thesis a method of dry-ashing wood, sequential leaching of soil and analysis with ICP-
QMS is tested as a possible way for establishing a correlation between bioavailable compounds 
in soil and uptake to birches. The total amount of trace elements (V, Sr, Cd, Pb and U) in stem 
wood and contaminated soils were analysed. The total concentration of metals in the soil was 
extracted using HCl and HNO3 in warm water bath. Biological availability of inorganic 
compounds in the soil were established using sequential leaching. The total concentration of 
metals in stem wood of birches were determined with the use of tree core samples, dry ashing 
and analysis with ICP-QMS. A rough estimation of each trees’ first 10 years through counting 
annual tree rings was also made, to be able to see when the tree accumulate most bioavailable 
elements.  

No correlation between the bioavailable concentration of elements in the soil and uptake to the 
birches could be found. Some deductions about where in the tree different elements appear 
could be done but more samples is needed to make a significant judgement. 

Introduction 
After WWII, science began to detect the problems of pollution in nature. Rachel Carson's book 
Silent Spring (1962) is usually seen as the starting point for man's understanding of how our 
technology affects nature (Dunn, 2012 and Delahunty & Dignen, 2010). Since then, we have 
learned a lot about how we can work towards a sustainable development. However, there is still 
much to do and scientists around the world are constantly searching for new and more efficient 
methods to achieve sustainable environmental goals. A part of these goals is to localise and 
confine contaminated areas. The following step would be to restore the land from contaminants 
and to proceed without simply moving the problem. Cleaning soils from contaminants in a cost 
efficient way and without relocating or covering the land, can be done with, for example, 
phytoremediation (Mendez & Maier, 2008; Marques et al., 2013 and Rojas-Tapias, 2012) and 
with other material like wood chips and steel slag (Sjöberg & Karlsson, 2015). Soil sampling 
for analysis of pollutants is often associated with errors like retrieving a representable and 
homogenous sample. Instead plants, in this case birch trees, could be used to get an 
understanding of the inorganic metal content of the soil on which they grow. In this thesis a 
method of dry-ashing wood, sequential leaching of soil and analysis with ICP-QMS is tested as 
a possible way for establishing a correlation between bioavailable compounds and uptake to the 
trees. The sampling ground is mostly situated in Kvarntorp, an old shale mine site with 
substantial soil contamination. It is located in the municipality of Kumla in the southern parts 
of Sweden. 

Dendrochemistry 
Studying and analysing growth rings of trees gives the possibility to establish old pollution 
incidents, both air and soil pollution. The vast amount of errors that can occur and the difficulty 
to interpret makes it hard to use, for example can some elements move across growth rings and 
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different tree species may exhibit different growth patterns (Watmough & Hutchinson, 1996 
and Ferretti, et al., 2002). In this case the history of the mining sites of Kvarntorp and Latorp 
are well documented, and the means of chronologically determining the uptake of heavy metals 
to the trees is not necessary. However, in this study, tree cores will be roughly divided into less 
than 10 years and over ten years by counting the rings from the centre of the tree and towards 
the bark. If the amount is higher in the centre of the tree it may suggest that the inorganic 
elements entered the sapling and is not moving when well inside the tree. If the amount is 
peaking in the outer parts, it could be due to i) the metals entered the sapling but is moving and 
becoming enriched in the sapwood; ii) the root system has evolved thereby giving a larger 
uptake; iii) a ground emission has occurred in recent years, or; iv) an air emission has occurred 
in the latest year and the bark has had the largest uptake. Numerous studies have tackled the 
issue of using trees as biomarkers for historical events (Strömberg & Svensson, 2012; 
Supervillea, et al., 2017; Watmough, et al., 2005; Pettersson, 2011; Saarela, et al., 2005a-b; 
Watmough & Hutchinson, 1996; Ferretti, et al., 2002; Esch, et al., 1996; Padilla & Anderson, 
2002; MacDonald, et al., 2011 and Cutter & Guyette, 1993) and as with many environmental 
problems, there are a large range of factors that must be accounted for. One example is how 
acid rain and other meteorological parameters changes the chemistry and bioavailability of 
elements in the soil, another one is the physiology of different tree species including the simple 
questions if they are deciduous or coniferous, hardwood or softwood and how the heartwood 
and sapwood are distributed (Cutter & Guyette, 1993; Supervillea, et al., 2017; Padilla & 
Anderson, 2002 and MacDonald, et al., 2011). 

   Others have investigated and found a correlation between inorganic compounds in soil and 
uptake to trees. A Finnish study made in 2004 using dry ashing and thick-target particle induced 
X-ray emission (PIXE) on stem wood and bark of Scots pine, concluded that through the ratio 
of heavy metals in the bark and in the trunk they were able to deduce if the air pollution was 
greater or less than contamination through soil and soil water (Saarela, et al., 2005a). Control 
trees showed a ratio of almost 1 compared to the polluted trees which had ratios between 13 
and 28. However, airborne heavy metal pollution was not reflected in the stem wood. They 
could also see that the amount of metal ions in the soil and soil water could be linked to the 
element content in the stem wood.  

   It is a known fact that the amount of organic matter have a big impact on the bioavailability 
of metals and that fact together with high pH will result in less metals solved. In a study from 
France, they could establish that “The higher the labile fraction of a metal is in the soil, the 
higher the ratio of its concentration is in tree versus soil.” (Supervillea, et al., 2017). In the 
report they also concluded that the accumulation rate of metals is depending on the tree species 
as well as the element in question.  

Bioavailability 
The availability of minerals to plants depends of many things, as examples can be mentioned: 
i) ion form of the elements in solution; ii) soil conditions; iii) pH; iv) concentration of trace 
elements; v) trace element movability, and; vi) pH of the rhizosphere. In water, it is generally 
the hydrated ion that is the most important bioavailable form of inorganic elements.  
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   Acid rain can affect the bioavailability and the leaching of metals since a lowering of pH in 
the soil will lower the cation exchange capacity, CEC (meq/g), and more metal ions will be in 
solution. CEC is specific to each soil material and is difficult to establish for any soil, but in 
particular soils like the ones analysed in this thesis, since they consists of not only clay, organic 
material and minerals but also demolition debris, shale ash and oil residue. Acidic precipitation 
has decreased in Sweden since the early 1990’s and the pH of subsoil water is usually around 
5 in this part of the country (Pihl Karlsson, et al., 2017), however pH of the groundwater in 
Kvarntorp is around 7 (SWECO VIAK, 2005). In a small study done at the Örebro University 
in the early autumn 2016, the Acid lake ground water had a pH of 7 (n.p.). pH of the soil can 
also be changed by the tree itself. To increase bioavailability of micronutrients the tree exudes 
organic acids to its rhizosphere (the nearest surroundings of the roots) (Pettersson, 2011). 

   Each metal ion have a distinct hydrolysis pattern, and will be released from a solid phase at 
different pHs, and this, in turn, also depends on the pHZPC. pHZPC is the pH where the surface 
of the solid phase changes charge (Zero Point of Charge). Cations like Cd2+, Pb2+ and UO2

2+ 
will therefore be released at different stages of acidity and for oxyanions like VO4

3-, the release 
will be at a pH over 7. Uranium however is prone to form complexes with e.g. carbonate and 
sulphate, which are very stable. It can also be mobilized at neutral pH due to oxidation 
(Housecroft and Sharp, 2012). With so many different solid materials in the sampled soil, all of 
these variables is almost impossible to take into account and only a few of the inorganic 
compounds that can be bioavailable will be more closely studied due to time restrictions. 

   Some inorganic elements are essential to plants, however both too little and too much of these 
can be harmful. The essential micronutrients are B, Fe, Cl, Cu, Mn, Mo, Ni and Zn, but uptake 
to plants of other, non-essential elements happens frequently. Plants can be used for 
phytoremediation and due to their high metal tolerance trees are well suited for this, meaning 
that a tree with deep root system and rapid growth even on nutrient-poor soils, can be used as a 
cleaner of metal contaminated soils. Unfortunately this has been shown to work poorly 
(Supervillea, et al., 2017), and while others have gotten better results (Greger & Landberg, 
1999) the amount of metal content removed is still low and the ability to absorb inorganic 
substances varies with plant type and element. 

   Here follows a presentation of the elements investigated during the course of this thesis. 

Vanadium 
Present in the earth's crust at approx. 140 mg/kg. V is extracted as a by-product from e.g. 
uranium- and iron production. For some organisms and algae V is essential in very low 
concentrations, but vanadium compounds are toxic to animals and plants (NE 
Nationalencyklopedin AB, 2017). Vanadium(V)oxide, V2O5 and vanadium(IV)oxide, VO2 is 
soluble in both acid and alkaline solutions but less soluble in water. Pure vanadium is however 
not very reactive, its melting point is 1887 °C, boiling point 377 °C and oxidation stages are 0 
to +5 (Housecroft & Sharpe, 2012 and NE Nationalencyklopedin AB, 2017). 

Strontium 
Average content of strontium in the earth's crust is 384 mg/kg and it is a very reactive metal. In 
contact with air it forms oxides, in powder form it self-ignites and in water the reaction is vivid 
and hydrogen gas forms. Elemental Sr is never found in nature. Oxidation stages are 0 and +2, 
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with Sr+2 as the common one and this is highly hydrated in water solution. Melting point is 769 
°C and boiling point is 1384 °C (NE Nationalencyklopedin AB, 2017). 

Cadmium 
Cadmium is extracted as a by-product from gases generated by zinc, copper and lead 
production. It is most common in combination with zinc in e.g. sphalerite and zinc-containing 
sulphide ores of lead and copper. In the earth's crust there are approx. 0.08 to 0.5 mg cadmium 
/kg. It is easily dissolved in nitric acid. The metal as well as its fumes and salts is toxic and oral 
intake should not exceed 0.5 mg/week. Oxidation stages are 0, +1 and +2, with cadmium(II) as 
the most common, melting point is 321 °C and boiling point is 765 °C. Cadmium could be 
affected in the muffle furnace due to its low melting and boiling point. All cadmium compounds 
can be dissolved in mineral acids, such as HNO3 or HCl, if they are not dissolved in water 
(Housecroft & Sharpe, 2012 and NE Nationalencyklopedin AB, 2017). 

   For vascular plants, cadmium is easily mixed up with zinc and enters the food chain through 
ion absorption or through passive uptake. Bioavailability of cadmium is increased when acidity 
in the soil is increased. Most of the uptake is enriched in the roots but some travels further (NE 
Nationalencyklopedin AB, 2017). 

Lead 
Lead is present in the earth’s crust at approx. 13 mg/kg. It is not soluble in mineral acids like 
HCl or H2SO4 but with HNO3 it is dissolved under forming of lead(II)nitrate. Lead can also be 
dissolved with organic acids. The metal is toxic to all organisms. It stays in topsoil, binds hard 
to organic matter and leaching is slow, the higher the pH the more unsoluble the lead 
compounds become. The lead oxides are amphoteric. Several lead(II) compounds  as well as 
elemental Pb have a low melting point e.g. lead (Pb) 327.5 °C, lead(II)bromide (PbBr2) 373 °C, 
lead monoxide (PbO) 489 °C and lead(II)carbonate (PbCO3) which decomposes at about 315 
°C. Boiling point is 1740 °C (NE Nationalencyklopedin AB, 2017). Lead concentrations in 
trees seems to be effected by seasonal changes (Supervillea, et al., 2017). 

Uranium 
Uranium is found in minerals like uraninite and pitchblende as well as in organic material in 
black shale and peat bogs. In the earth’s crust it is present at about 2.3 mg/kg with higher 
amounts in magmatic rock types. All its naturally occurring isotopes are radioactive. Uranium 
has a melting point of 1132.4 °C and boiling point is 3745 °C. It is reactive and forms oxides 
in contact with air and dioxide and trihydride in contact with water. Uranium has oxidations 
stages between +3 and +6, the two most common, +4 and +6 occurs as UO2 to U3O8 in e.g. 
pitchblende. Strong ligand complexes are formed with e.g. humus- and fulvic acids and 
carbonate ions and distribution is therefore larger in stone material than in humus rich soil. 
Uranium has a complex organometallic chemistry (Housecroft & Sharpe, 2012 and NE 
Nationalencyklopedin AB, 2017). 

Sample preparation 
The heterogeneity of wood and bark and the small amount of elements available in the same, 
makes sample size and choice of analytic instrument crucial. Sampling wood with an increment 
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borer however, gives a more representative sample than a soil sample gathered with a shovel 
would do.  

   Several digestion methods is available but microwave digestion is the standard procedure for 
analysing wood biomass, EN 15290 (European Committee for Standardization 2011a). The 
amount of sample that can be used is however limited, 0.5 g, due to the sensibility of larger 
amounts of organic material. The small amount of sample might work for instruments like the 
ICP-MS but for others, like an ICP-OES with higher limit of quantification, LOQ, it is not 
sufficient (Tafur-Marinos, et al., 2016). Dry ashing is lengthy but a larger sample volume can 
be used in each ashing sequence than with a microwave oven. Of the available machinery in 
the present study, the muffle furnace could manage twice the amount of organic sample matrix 
than the microwave digestion oven. There are microwave muffle furnaces used for dry digestion 
and these could significantly reduce the worktime (Hoenig, 2001 and AB Ninolab, 2017).  

Presentation of case and field sites 

Here follows an introduction of the sampling sites and further explanation of the locations, as 
well as a table of site coordinates and other useful information (Table 1). 

History Kvarntorp 

The area around the heap of Kvarntorp was from the years 1941 to 1966 a shale mining site. 
Black shale is rich in organic matter (kerogen) and during the Second World War Sweden was 
in need of fuel. Both hydrocarbons and uranium, for the nuclear program of Sweden, as well as 
ammonium and a few other compounds were extracted from the mined shale. During the years 
the heap grew to 40 million m3 of metal rich residue (Eldin & Ormann, 2006; Sjöberg, 2017 
and SWECO VIAK, 2005). 

   The 100 meter high heap is nowadays a recreational area with hiking trails, a permanent art 
exhibition and ski slopes in the winter, but underneath the vegetation alum shale ash and other 
residue from the oil recovery is still smouldering. The temperature inside the pile is at some 
places nearly 600 °C, due to oxidation of pyrite or kerogen (Bäckström, 2010). At some 
locations hydrocarbon- and sulphurous gases are leaking out, e.g. CO2, SO2 and H2O 
(Bäckström, 2016). For the most part the pile consists of incompletely combusted/pyrolyzed 
shale, but also of so-called rödfyr, completely burnt, red, alum shale as well as stybb (coal dust), 
the discarded fine fraction of the shale that could have ruined the kilns if used. The land around 
the heap have been somewhat restored and consists of mostly waste and residues, from previous 
operations, used as fill material (SWECO VIAK, 2005) and forests are reclaiming unused land. 

History Latorp 

Beate Christine alunbruk (alum works) was in use from the beginning of 1770’s to 1879 
(Westrin, et al., 1911) in the small village of Latorp outside Örebro. Latorp is situated on a 
limestone plateau, protected by Kilsbergen and left behind after the inland ice pulled back 
during the last ice age (Stenlund & Oldén, u.d.). The alum shale, situated beneath the lime, was 
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used as combustible material in the lime burning processes as well as raw material in the 
production of alum (used in the textile-, paint- and paper- industry, among others) (Meijer et 
al., 1904 and Stenlund & Oldén, u.d). Large forested piles of the red alum shale bears witness 
to these bygone times.  

Kumla, the reference site 

Kumla is the closest town to Kvarntorp only 6 km away, and the reference site is located on the 
outskirts of Kumla, 11 km west of Kvarntorp and 18 km south southeast of Latorp. The 
E20/RV50 motorway is approximately 700-800 meters away (Figure 11). In the early 20th 
century tourists came here to “dricka brunn”, drink from the spring/well and swim in the iron-
rich water, but in the 1960’s the health resort was closed down and the buildings were later torn 
down (Föreningen Kanal Regional, 2017). Now there are private housings and coniferous forest 
at the location. 

   The reference tree cores and soil comes from an ordinary Swedish sandy mo, with coarse silt 
material which consists of particles with a grain size of 0.02-0.06 mm (Swedish: finmo) (NE 
Nationalencyklopedin AB, 2017) There are mainly spruce but also semi-grown birches in the 
population of trees. 

Sampling sites 

At Kvarntorp the sampling sites are located (Figure 9): 

• At the Acid Lake (Figure 1 and Figure 2);  
o This former lake was replenished in the late 1980’s with construction waste and 

concrete residues, but was previously used as a dumping site for e.g. sulfuric 
acid and oil residues (SWECO VIAK, 2005).  

o The main pollutants are organic pollutants like aliphatic and polyaromatic 
hydrocarbons (SWECO VIAK, 2005).  

Figure 2. The Acid Lake location. The general look of the place, with 
Kristina Åhlgren using the increment borer. 

Figure 1. The Acid Lake location. A perfect 
core sample. (Photo: Kristina Åhlgren) 
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• At the Black sea;  
o Previously part of Supra's wastewater treatment system, although soot-

containing water was often released straight into the Black sea without passing 
the soot extraction (SWECO VIAK, 2005). 

o Since 1982 it is filled with e.g. demolition debris and shale ash, after being 
drained. 

o Previous analysis shows elevated values of heavy metals in ground and surface 
waters around the Black Sea (SWECO VIAK, 2005). 

• At the Leach residue basin;  
o The residues from the process of extracting uranium from the alum shale ended 

up here and the soil layers at the site is loaded with uranium, in 2005 the amount 
was between 165 and 188 mg/kg dry weight (d.w.) (SWECO VIAK, 2005). 

o Other pollutants that can be found here are heavy metals and radioactive 
compounds from the uranium disintegration chain, e.g. Ra and Rn (SWECO 
VIAK, 2005 and Höglund, 2010).  

• In a rödfyr-slope on the southwestern part of the pile (Figure 3 and Figure 4) 
o Here the soil consist of red alum shale ash. The colour indicates that the shale 

is, for the most part, completely combusted. 
o Previous measurements of the Kvarntorp heap have shown that the amount of 

uranium is between 17 and 130 mg/kg d.w. (SWECO VIAK, 2005) or as high 
as 235 mg/kg d.w. (Bäckström, 2016).  

 
 
 
 
 

Figure 3. The Rödfyr location. The soil sample 
pit and tree no. 2. 

Figure 4. The Rödfyr location. The slope with 
heavily burnt alum shale. 
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• Close to a “hot spot”, where the underlying shale residue is still considerably hot and 
fumes pollutes the location (Figure 5 and Figure 6).  

o The fumes smells of sulphur and the soil of gasoline. The trees are stained green. 
 

 

The Latorp site is situated on top of an alum shale ash pile to the north of Hinnerssons road 
(Figure 7 and Figure 10). Many trees on the site look sick and have damages and large 
abscesses, of which some probably are veined wood (masur) (Figure 8). There are almost no 
humus on top of the alum shale.  

Figure 6. The Hot Spot location. The soil 
sample pit furthest away is HS1 and the 
closest one is HS2, which lays approx. 5 m 
away from where the fumes comes from. 

Figure 5. The Hot Spot location. Fumes from a hole in the ground to the 
left and some of the sampled trees to the right. 

Figure 7. The Latorp site. The general look of the site. The heaps are alum 
shale ash piles. 

Figure 8. The Latorp site. Damages and 
abscess on an old birch. 
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Table 1. The sampling locations, information about them and sample names.                                               
H=approx. 10 annual rings from the centre of the tree, S= the rest outside of the first 10 rings + the bark, J=Soil sample, 
O=Natural soil (not grinded), M=Grinded soil 

Location Coordinates Sample Soil components 
(ocular inspection) 

Sampling 
area 

Acid Lake (AL) 59.1224512,
15.2570349 

AL1-5 H/S 
ALJ 1 M/O 

Filling materials such 
as bricks and asphalt.  

40 m2 

Rödfyr-slope 
(RÖ) 

59.1234959,
15.2489467 

RÖ 1-5 H/S 
RÖJ 1 M/S 

Alum shale 60 m2 

Hot spot (HS) 59.1241941,
15.2569400 

HS 1-5 H/S 
HSJ 1-2 M/O 

Black, shale residue 
(with a strong scent of 
oil/gasoline) 

15 m2 

Black sea (BS) 59.1272330,
15.2720600 

BS 1-5 H/S 
BSJ 1 M/O 

Grey sandy soil with 
stones and clay 

28 m2 

Leaching residue 
basin (LB) 

59.1185502,
15.2686056 

LB 1-5 H/S 
LBJ 1 M/O 

Red soil (sampled) and 
lightweight concrete 

70 m2 

Latorp (LT) 59.285709, 
14.994259 

LT 2-5 H/S 
LTJ 1 M/O 

Alum shale 25 m2 

Kumla (KU) 59.123464, 
15.062256 

KU 1-2 H/S 
KUJ 1 M/O 

Sandy silt material  

 

 
Figure 9. Map over the Kvarntorp site. Black marks the approximate sampling areas. 
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Figure 10. The Latorp sampling location. Red marks the alum shale heaps and black marks the approx. sampling area. 

 

 
Figure 11. The Kumla sampling location. Red marks the cohesive forest and black marks the approx. sampling area. 
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Objective 
The aim of this project is to establish if there is a correlation between bioavailable compounds 
in soil and uptake to birches. The objective is to determine the total metal content in trees 
growing on residues of alum shale and other waste, left behind after oil- and alum extraction. 
Tree core samples will be taken from birches growing on and around Kvarntorpshögen, but also 
from birches growing in Latorp (alum shale ash) and from a site “free” of contamination, for 
comparison. Earlier studies as well as a few soil samples will be used to link the amount of 
metals available in the soil (bioavailability) and the uptake in the trees. 

Method 
Of the tree population in Sweden 85 % is conifer and of the 15 % deciduous trees 75 % is birch 
(downy birch Betula pubescens and masur birch Betula pendula) (Johansson & Lundh, 2009). 
Samples will be taken from these types due to their abundance and ability to grow in most 
places (Cutter & Guyette, 1993). They are also the first trees to form saplings whenever new 
bare ground has emerged and should therefore be easy to find at all sampling sites. The root 
system of birches can be both shallow, deep and wide and can penetrate most places 
(SkogsSverige, u.d.), so it was decided that 30 cm was deep enough for collecting soil. Soil 
samples were used to be able to determine the bioavailability of elements.  

   The industrial area of Kvarntorp is highly polluted with heavy metals and petroleum 
hydrocarbons, but PAHs, PCBs, solvents and dioxins can also be found (SWECO VIAK, 2005). 
However due to time restriction only some inorganic substances, i.e. V, Sr, Cd, Pb and U, will 
be investigated in this report. Leaching of metals are expected to be low in the parts of the pile 
that is still warm, like in the sampling location named Hot spot. This is due to evaporation that 
prevent precipitation from infiltrating the shale residue and thereby decreasing groundwater-, 
but also surface water runoff from the pile. The effect of this should only be visible on the 
previously mentioned Hot spot but could also to some extent affect the Rödfyr site, however 
the soil composition at these two sites are not the same and no comparison can be made 
regarding more or less leaching. The decrease of metals in the soil via increased leaching could 
be visible when comparing the inner and outer core of the trees, but a lower content in the outer 
part could also be due to the tree being more prone to uptake of metals as a sapling. However 
it seems that an enrichment of metals should occur towards the bark from the stem wood 
(Saarela, et al., 2005b). 

   Mild extractants like CaCl2, NaNO3 and NH4Ac are often used as a leachants when assessing 
the transport of metals from soil to plant (Sahuquillo, et al., 2003). The sequential leaching 
scheme used for extraction of metal content in soil in the present work was presented by Sjöberg 
in 2015 (Sjöberg & Karlsson, 2015) as a modified scheme after A. Tessier (Tessier, et al., 1979). 
Sjöberg used parallel treatment to reduce worktime, but in this thesis the leaching was done in 
sequences with a pause between the first and second stages. Sequential leaching of bioavailable 
compounds from solid material is done in three steps (Karlsson et al. 2014), starting with 18.2 
MΩ ultra-pure water (hereafter called MΩ), continuing with ammonium acetate with pH 7 and 
thereafter with pH 5 (Sjöberg & Karlsson, 2015). MΩ have a pH close to 7, but since it contains 



  Trees on contaminated soil Elisabeth Ängmyren 

 

13 

 

hardly no ions it is quickly affected by its surroundings and have very low buffer capacity. This 
part of the leaching extracts the water soluble compounds. The second part is ammonium 
acetate (NH4Ac) 1 M at pH 7 which act as a buffer and ion exchangeable species are dissolved 
and extracted. The last step is done with ammonium acetate 1 M at pH 5 and at a temperature 
of almost 90 °C. Carbonates and amorphous hydroxides are mobilized and extracted (Sjöberg 
& Karlsson, 2015). 

   Dry ashing removes the organic material of biological samples and enriches the inorganic 
components by forming oxides or carbonates (Hoenig, 2001 and Saarela, 2009). For trace level 
analysis of heavy elements in wood this method is preferable due to the low ash content 
(Saarela, 2009). Because the small amount of ash, previously established to 0.2-0.4 % (Saarela, 
2005b), a preliminary test of four wood samples were made to make sure that enough sample 
was used. The dry weight of the test samples were between 0.47 and 1.94 g and this was fully 
acceptable for obtaining analytical results by MP-AES. Dividing the samples into each annual 
tree ring however would have given to small amount of material. According to EN 15290, 550 
°C should be the highest temperature of the muffle furnace to minimize any loss of volatile 
elements. In a review, Michel Hoenig (Hoenig, 2001) promotes dry ashing at a temperature of 
only 450 °C with this time scheme: the sample should be placed in the furnace at ambient 
temperature, 450  °C should than be reached during a 4 hours period and then kept for 16 hours. 
In this way the mineralisation of inorganics and the oxidation of all organics is achieved but not 
at the cost of lost analytes, except Hg, As and Se (Hoenig, 2001). It was considered that 4 hours 
in the furnace should be sufficient given the small amount of material used in this experiment. 
Unfortunately the muffler furnace used was not programmable for a slow increase in 
temperature. 

Stem wood 

Sampling 

The trees were sampled with an increment borer at 1 m above ground level, with three cores 
taken from each tree 1 cm above each other. All the sampled trees had a diameter between 27.5 
and 38 cm. The samples were stored in Sarstedt tubes in a refrigerator until sample preparation. 

Sample preparation  

The core samples (Figure 12) from each tree were divided into two sections: section one is 
approx. 10 tree rings from the centre of the tree and section two is the rest outside of the first 
10 rings towards and with the cortex. The samples were dried in an oven at 105 °C and weighed 
both before and after for wet weight (w.w.) and dry weight (d.w.). The crucibles, used for dry 
ashing, were cleaned with boiling 5 % nitric acid for approx. 1 hour. Dry ashing of the samples 
were made in a muffle furnace with a rapid (15-20 min) temperature increase to 450 °C and the 
temperature was maintained for 4 hours (Figure 13). The ashes were weighed, transferred to 50 
mL tubes and dissolved with aqua regia: 3 mL hydrochloric acid and 1 mL nitric acid. Water 
bath was used for some samples. The samples were diluted to 50 mL with MΩ water and stored 
in a refrigerator. The last step was to filter 10 mL of the samples to 15 mL Sarstedt tubes and 
conserve the samples with 100 µL HNO3. Polypropylene syringe filter with pore size 0.2 µm 
was used in this and all following steps where filtration was needed.  
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Analysis 

To the samples, 100 µL internal standard (IS) of rhodium were added and analysis was done 
with ICP-QMS, Agilent 7500 cx. 

Soil 

Sampling 

The soil samples were gathered at 30 cm depth in close proximity to the sampled trees, using a 
shovel.  

Sample preparation 

The soil samples were divided into two fractions each, of which one was grinded using a mortar 
and the other was kept natural. Sequential leaching for bioavailable inorganic compounds with 
MΩ and ammonium acetate of pH 7 and 5, in that order, was performed. 2.0 g sample was used 
for L/S 10 (Table 2). After each leaching step the samples were centrifuged for 15 min at 5000 
rpm and the leachate was collected in 50 mL Sarstedt tubes. It was then filtered into 15 mL 
tubes and conserved with 100 µL HNO3. 

   From the 2.0 grams of milled soil, 0.1 g was used for establishing the total concentration of 
metals in the soil. Those samples were solved in 3 mL hydrochloric acid and 1 mL nitric acid 
in water bath for ~8 h and were thereafter diluted with MΩ to 50 mL. The same procedure 
regarding filtration and conservation, as with all other samples, was made.  

Table 2. Sequential leaching steps for total concentration of metals in the soil. 

Step Leach solution Time Temperature Agitation 
1 MΩ 24 h Roomtemp. End-over-end 
2 NH4Ac pH 7 4 h Roomtemp. End-over-end 
3 NH4Ac pH 5 5 h 85-90 oC Hand shaken every 20 min 

Figure 12. Comparison of a tree core from Kvarntorp (above) 
and one from Latorp (below). In Latorp the trees have grown 
much slower and sampled trees were approx. 45-60 years, 
whereas in Kvarntorp they were 15-20 years. 

Figure 13. Before (above) and after (below) drying and dry 
ashing (N.B. not the same samples). 
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Analysis 

The samples were diluted 10 times and 100 µL IS was added. The analysis was done with ICP-
QMS. 

Results and discussion 
The vanadium amount is quite high in the soil of all sampling locations, except for the reference 
site (KU), above (AL and BS) and far above (HS1-2, LB, RÖ and LT) MKM. Unfortunately no 
guidance values for Sr and U have been found, but the measured values seem rather high, 
compared to other studies (Table 3), for all locations except KU. The highest value for Sr, 88.6 
mg/kg w.w. is at HS2 and for U, 77.7 mg/kg w.w. at LB. That the highest amount of U was 
found at LB was expected since that was the discarding site for residues from the uranium 
extraction. Pettersson (2011) analyzed birches that grew on alum shale and alum shale ash in 
Andrarum in the south of Sweden and found that the alum shale and alum shale ash had a U 
concentration of 30 and 135 mg/kg, respectively, corresponding well with the present work 
were U concentrations was 26.5 and 58.8 mg/kg alum shale ash in Latorp and Kvarntorp, 
respectively. 

   Regrettably no pH-values for the soils were gathered, having done this could have helped in 
establishing causes for some of the differences of total metal concentration in the soils and what 
is bioavailable. However, others have established pH for some of the soils in Kvarntorp 
(Karlsson, et al., 2011), and by taking these into account a rough estimation of the state of the 
soils could be done. For the weathered fines pH was between 2.5 and 3.1, the processed shale 
had a pH of 5.3-7.4 (7.6 when heated) and for the alum shale ash pH was 5.3 to 7.0 in Karlsson’s 
thesis. This would mean that for the location Rödfyr the pH in the soil is around 7 or just slightly 
acidic and the Hot Spot location which lays between Karlsson’s sampling point of weathered 
fines and alum shale ash, should be more or less acidic. Other studies have found pH for 
leachates of different locations in the pile to be between 2 and 12, where the highly acidic water 
solutions origins from the discarded shale and the alkaline solutions comes from the pyrolized 
shale (rödfyr) but also from cement waste areas (Bäckström, 2010 and Karlsson et al., 2013). 
This would mean that the amount of dissolved species fluctuates a lot from location to location, 
but also that most cationic species should be dissolved and thereby bioavailable on the sites 
where pyrite is a part of the fill material. pH in the trees can also differ, making ionic element 
distribution diverse between, especially, tree species (Nicewicz & Szczepkowski, 2008). No 
pH was gathered from the wood since it should probably have been altered in contact with the 
air and thereby given a false result. The bioavailable content of the total concentration of trace 
metals V, Sr, Cd, Pb and U in the soil is illustrated in Figure 14. These are the water soluble- 
and ion exchangeable compounds, carbonates and amorphous hydroxides from the sequential 
leaching process.  
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Table 3. Total element concentration in the soil (mg/kg w.w.) and general target values for contaminated soil set by the 
Swedish Environmental Protection Agency (mg/kg d.w.). Also included are measured values from three other studies. 
 

V Sr Cd Pb U 
Acid Lake 21.1 20.7 3.68 39.0 30.0 
Black Sea 27.2 11.7 0.26 30.8 8.51 
Hot Spot 1 87.4 26.7 0.24 55.8 22.3 
Hot Spot 2 102 88.6 0.20 57.9 18.7 
Leach r. basin 231 23.3 0.47 35.8 77.7 
Rödfyr 147 37.7 0.79 30.4 58.8 
Latorp 71.2 32.9 2.44 56.9 26.5 
Kumla 0.94 0.98 0.12 5.08 0.78 
Kvarntorpshögen 1 650 105 1.45 36.5 235 
Processed Shale2 367 67.4 - - 92.6 
Shale ash2 496 58.0 - - 129 
Kvarntorpshögen3 - - - - 17.0-130 
Leach residue basin3 - - - - 183 
KM (sensitive land use)4 100 - 0.8 50 - 
MKM  (less sensitive land use)4 200 - 12 400 - 

1 Bäckström, 2016   2 Karlsson, et al., 2011   3 SWECO VIAK, 2005    4 Naturvårdsverket, 2016 
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   The uptake is the amount of each element that is found in the tree cores, times all forms of 
dilution and divided by the dry weight (d.w.) of the sample. The bioavailable part is the 
proportion of the total amount in the soil, available through the leaching process. Of the 
investigated elements bioavailable Cd is most abundant in the trees compared to what is in the 
soil. In five out of eight places the amount exceeds the bioavailable content, indicating that a 
fraction of bioavailable Cd has not been successfully leached with used method. This is also 
the case for Sr in 3/8 places and for V and Pb in Kumla (Figure 15). Both Cd and Sr are easily 
dissolved forming divalent ions which are readily absorbed by the tree. Cadmium can also be 
mixed up with zinc both in the human body and in plants. Zn is essential and the uptake by the 
trees is both active and passive, this can be an explanation to why there is so much Cd and Sr 
in the trees. However, comparing the amount of Cd and Sr in the birches, Sr levels exceed Cd 
levels by one to two orders of magnitude. In Kumla for example average Sr level in the trees 
are 5,53 µg/g while Cd is only 0,18 µg/g and in Latorp the levels are 4,09 and 0,06 µg/g, for Sr 
and Cd respectively (Figure 16). The trees growing on the two alum shale ash locations (Rödfyr 
and Latorp) shows no parallels in uptake except for V which have 6-7 % uptake of bioavailable 
content in both locations (Figure 15). 
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Figure 16. The average uptake of studied metals into the trees of each location. 

  

   A comparison between concentration of metals in the core of the tree and the outer parts of 
the tree with the bark, shows that each element is relatively evenly distributed throughout the 
tree (Figure 17 and Figure 18). Any outliers can probably be explained through problems with 
the determination of the growth rings. The travel patterns of trace metals ought to be on the 
horizontal plane and not the vertical, thereby giving an accumulation in the roots and decrease 
towards leafs and seeds, all depending on type of element (Landberg & Greger, 1996 and 
Strömberg & Svensson, 2012). However, it is here where the heartwood and sapwood is of 
importance: If a tree has many sapwood rings, compared to heartwood, the radial permeability 
will be higher and together with a high liquid content more of the elements present in the tree 
will travel in the vertical plane (Cutter & Guyette, 1993). In the sampled trees the sapwood- 
and the moisture content were high, probably due to spring time, making any distribution 
patterns hard to find. However, calculating quota between inner core and outer parts of the trees 
(average from each location) gives an indication that Cd, Pb and U is more often found at larger 
amounts in the outer parts than in the core and for the lighter elements, V and Sr, it was the 
other way around (Table 4). Saarela (2009) found that Sr was present at larger amounts in the 
pith than in the rest of the innermost wood of pine trees. The measured values of Sr ranged from 
7.8 to 20.3 µg/g in the pith and 3.1 to 10.6 µg/g in the innermost wood (Saarela, 2009). For 
birches the measured values seems to be the opposite, but here Saarela et al. have compared the 
stem wood with the bark. At a contaminated site (near an old mine in Attu, Finland), they found 
concentrations of Pb in the wood of 60.8 µg/g d.w. and in the bark of 25.5 µg/g d.w. For Sr the 
values were 1.67 and 7.19 µg/g d.w., respectively and for Cd 2.04 µg/g d.w. for the wood and 
3.10 µg/g d.w. for the bark (Saarela, 2005b).  For a non-contaminated site with sampled birches, 
the wood- and bark concentrations of Sr were 4.94 and 21.7 µg/g d.w., respectively (Saarela, et 
al., 2005b). These figures are not comparable with the concentrations in this study, where the 
concentration of Pb in the inner core was 0.03-1.98 µg/g d.w. and the outer parts (incl. the bark) 
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was 0.00-1.15 µg/g d.w., for Sr 0.50-2.46 and 0.49-3.06 µg/g d.w. respectively and for Cd 0.02-
0.30 and 0.01-0.16 µg/g d.w., in inner core and outer parts, respectively. The differences in 
uptake between this study and Saarelas’ could depend on many things, as mentioned before, 
e.g. pH in the soil, soil content, pollution level etc.  

 

0,0000

0,5000

1,0000

1,5000

2,0000

2,5000

3,0000

3,5000

AL BS HS LB RÖ LT KU AL BS HS LB RÖ LT KU

Inner core (approx. 10 annual rings) Outer parts (from the 11:th ring and with the
bark)

Av
er

ag
e 

µg
/g

Comparison of the inner and outer parts of the trees

Sr Pb

Figure 18. Comparison of strontium, and lead in the inner core (from the centre of the tree and approx. 10 annual rings 
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Table 4. Quota between uptake concentrations in inner core and the outer parts of the trees at each location. 

Sample V Sr Cd Pb U 
AL 0.6 0.7 1.3 1.6 2.0 
BS 0.7 1.0 1.6 1.6 2.2 
HS 1.0 1.0 1.2 0.7 1.9 
LB 0.6 0.9 1.4 0.8 1.9 
RÖ 0.8 0.7 1.9 2.0 2.6 
LT 0.8 0.5 2.1 0.2 2.1 
KU 0.8 0.8 1.3 1.9 0.3 

 

   In Figure  the difference in growth patterns in the trees from Kvarntorp versus the ones in 
Latorp is obvious, the exact cause however is a hard to establish. Probable reasons are lack of 
nutrients, and a low field capacity giving an absence of water which in turn gives a slower 
growth and denser annual rings of the trees in Latorp. Climate can also attribute to a slower 
growth, Latorp is located in close vicinity of the small mountain range Kilsbergen which has a 
few degrees colder weather, especially in the winter, than the rest of the flat landscape of Närke. 

   No correlation between bioavailable compounds and uptake to the trees could be found for 
the elements V, Sr, Pb and Cd (Figure 19). Uranium on the other hand shows a moderate 
positive trend between the bioavailable content and the uptake (Figure 20). For the elements V, 
Sr and Pb there is a weak inverse trend (R = -0.33, -0.44 and -0.41, respectively) found between 
the total concentration and the uptake. For Cd there is no correlation (R = -0.16) and for U the 
trend is slightly positive (R = 0.35). An R-value between 0.7 and -0.7 is, however, considered 
to be equal to no correlation and for example R = 0.55 gives approximately a 30 % chance that 
there is a correlation. A more accurate correlation could have been done if all the annual rings 
had been accounted for, not only the 10 first ones. The circumference of each tree was logged 
(except for the two in Kumla and one in AL) but this does not give a sufficient measurement 
without the tree rings, since the investigated trees grew in highly diverse manner and could 
differ with over 40 years despite analogous perimeters, therefor no normalization of the spread 
in the y-direction of the correlation calculations could be done. The reason for lack of 
correlation between uptake and bioavailability of inorganic compounds is thought to be 
governed by the large diversity of the sampled soils and the absence of some crucial parameters 
in the method, e.g. pH measurements of the soil samples would have given a valuable dimension 
when interpreting the data. 
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Figure 19. Correlation between bioavailable elements and uptake in every tree sampled and for each element. 

Figure 20. Uranium 
shows a positive 
correlation between the 
bioavailable 
concentration and the 
uptake (blue), but also 
between the total 
concentration in the soil 
and the uptake to the 
birches (orange). 
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A large source of errors in testing this method, was the use of the available muffle furnace. It 
was not possible to program for a slow rise in temperature and it did not stop at the set end 
temperature, causing some samples (from LB) to experience the temperature of 478 °C.  Cross 
contamination as well as sample loss could also occur during dry ashing due to the use of open 
vessels (Fecher & Ruhnke 2002), however no blank tests or standardized material were used 
meaning that some values could be false.  

Conclusions 
No particular pattern could be shown between bioavailability of the studied metals in the soil 
and uptake to the birches. Some deductions about where in the tree different elements appear 
could be done but more samples is needed to make a significant judgement. Standardized 
reference material should have been used instead of a reference site and trees, to be able to 
establish if the method used is suitable for these kind of matrixes. 

 

 

Acknowledgments  
A very special thank you to Kristina Åhlgren and Viktor Sjöberg for helping me in the field and 
in the laboratory and a warm thank you to my fellow students who answered questions and 
pepped me and to my partner and my son for supporting me all the way. 

 

 

 

 

 

 

 

 

 

 

 

 

  



  Trees on contaminated soil Elisabeth Ängmyren 

 

23 

 

References 
AB Ninolab, (2017). ab ninolab. [Online] Available at: 

http://www.ninolab.se/produkter/mikrovaagsinstrument/inaskning/ [Accessed 21 05 
2017]. 

Albrektsson, A. (2012) SkogsSverige. [Online] Available at: http://www.skogssverige.se/hur-
djupa-och-vida-rotter-har-en-fullvuxen-bjork [Accessed 08 05 2017]. 

EN 15290. European Committee for standardization 2011a. 

Bäckström, M. (2010) Environmental impact from an alum shale deposit, Kvarntorp, Sweden: 
Present and future scenarios. In International Mine Water Association symposium: 
Mine Water and Innovative Thinking (IMWA). Sydney, Nova Scotia, Canada, Sep. 05-
09, 2010. Nova Scotia, Canada: Cape Breton University Press, pp. 551-554. 

Bäckström, M. (2016) Kvarntorp area and the Kvarntorp waste pile [Lecture] Örebro: Örebro 
University  

Cutter , B. E. & Guyette, R. P. (1993) Anatomical, Chemical, and Ecological Factors 
Affecting Tree Species Choice in Dendrochemistry Studies. Journal of Environmental 
Quality, 22(3), pp. 611-619. DOI: 10.2134/jeq1993.00472425002200030028x 

Delahunty, A. & Dignen, S. (2010). Silent Spring. In The Oxford Dictionary of Reference and 
Allusion. Oxford University Press. ISBN: 9780191727931 

Dunn, R. (2012) In retrospect: Silent Spring. Nature, 485(7400), pp. 578-579.                 
ISSN: 00280836 

Eldin, J. & Ormann, L. (2006) Kommunrapport Kumla - Redovisning av resultaten från 
projektet MIFO-inventering av förorenade områden i Örebro län, Örebro: 
Länsstyrelsen Örebro län, publ. no 2006:2. 

Esch, M. et al. (1996) Elemental composition of different types of wood. Nuclear Instruments 
and Methods in Physics Research B, Issue 109/110, pp. 328-331.                
DOI: 10.1016/0168-583X(95)00930-2 

Fecher, P. & Ruhnke, G. (2002) Cross contamination of lead and cadmium during dry ashing 
of food samples. Analytical and Bioanalytical Chemistry, 373(8), pp. 787-791.        
DOI: 10.1007/s00216-002-1440-6 

Ferretti, M. et al.(2002) Air pollution and environmental chemistry - what role for tree-ring 
studies? Dendrochronologia, 20(1-2), pp. 159-174. DOI: 10.1078/1125-7865-00014 

Föreningen Kanal Regional (2017) Kumlanytt. [Online] Available at: 
http://www.sydnarkenytt.se/kumla/artikel/veckans-bild-stene-brunn#.WTlbDGjyiUk 
[Accessed 24 05 2017]. 

Greger, M. & Landberg, T. (1999) Use of Willow in Phytoextraction. International Journal of 
Phytoremediation, 1(2), p. 115–123. DOI: 10.1080/15226519908500010 



  Trees on contaminated soil Elisabeth Ängmyren 

 

24 

 

Hoenig, M. (2001) Preparation steps in environmental trace element analysis - facts and 
traps. Talanta, 54(6), pp. 1021-1038. DOI: 10.1016/S0039-9140(01)00329-0 

Housecroft, C. E. and Sharp A. G. (2012) Inorganic chemistry. 4th edn. Harlow, England: 
Pearson Education Limited 

Höglund, L. O. (2010) Naturvårdsverket. [Online] Available at: 
http://www.naturvardsverket.se/upload/stod-i-
miljoarbetet/vagledning/gruvor/uranbrytning/kunskapslage-uranbrytning.pdf [Accessed 
19 05 2017]. 

Johansson, T. & Lundh, J.-E. (2009) Upprepad röjning av stubbskott - en metod för 
minskning av skottmängden. Fakta. Skog; 2009:5. Umeå: Sveriges lantbruksuniversitet. 
ISSN: 1400-7789 

Karlsson, L., Bäckström, M. & Karlsson, S. (2011) Natural weathering of shale products 
from Kvarntorp. Independent work in Chemistry C, 15 credits. Örebro: School of 
Science and Technology, Örebro University. 

Karlsson, L., et al. (2013) Release of metals from unprocessed and processed black shale due 
to natural weathering. In Annual International Mine Water Association Conference: 
Reliable Mine Water Technology (IMWA). Golden, Colorado, USA. Aug 05-09 2013. 
pp. 391-396 

Karlsson, S., et al. (2014) Chemical characterization of metal polluted soils: why and how. 
Conference poster in Nordrocs 2014, 5th joint Nordic meeting on remediation of 
contaminated sites, Stockholm, Sweden, Sep 15-18 

Landberg, T. & Greger, M. (1996) Differences in uptake and tolerance to heavy metals in 
Salix from unpolluted and polluted areas. Applied Geochemistry, 11(1), pp. 175-180. 
DOI: 10.1016/0883-2927(95)00082-8 

Lill, J.-O. et al. (1999) Increased sensitivity in thick-target particle induced X-ray emission 
analyses using dry ashing for preconcentration. Analytica Chimica Acta, Issue 378, pp. 
273-278. DOI: 10.1016/S0003-2670(98)00630-8 

MacDonald, H. C. et al. (2011) Dendroanalysis of metal pollution from the Sydney Steel Plant 
in Sydney, Nova Scotia. Dendrochronologia, Volume 29, pp. 9-15.               
DOI: 10.1016/j.dendro.2010.08.001 

Marques, A. P. G. C. et al. (2013) Inoculating Helianthus annuus (sunflower) grown in zinc 
and cadmium contaminated soils with plant growth promoting bacteria – Effects on 
phytoremediation strategies. Chemosphere 92(1), pp. 74-83.                
DOI: 10.1016/j.chemosphere.2013.02.055 

Meijer, B. et al. (1904) Alunskiffer. In: Nordisk familjebok. Konversationslexikon och 
realencyklopedi, Uggleupplagan 1. Stockholm: Nordisk familjeboks förlags aktiebolag, 
p. 743. 



  Trees on contaminated soil Elisabeth Ängmyren 

 

25 

 

Mendez, M. O. & Maier, R. M. (2008) Phytostabilization of Mine Tailings in Arid and 
Semiarid Environments-An Emerging Remediation Technology. Environmental Health 
Perspectives 116(3), pp. 278-83. DOI: 10.1289/ehp.10608 

Naturvårdsverket (2016) Tabell över generella riktvärden för förorenad mark. [Online] 
Available at: http://www.naturvardsverket.se/upload/stod-i-
miljoarbetet/vagledning/fororenade-omraden/berakning-riktvarden/generella-riktvarden-
20160707.pdf [Accessed 18 05 2017] 

NE Nationalencyklopedin AB (2017) [Online] Available at: 
http://www.ne.se/uppslagsverk/encyklopedi [Accessed 19 05 2017] 

Nicewicz, D. & Szczepkowski, A. (2008) The content of heavy metals in the wood of healthy 
and dying beech trees (Fagus Sylvatica L.). Acta Sci. Pol., Silv. Colendar. Rat. Ind. 
Lignar. 7(4), pp. 35-44 

Padilla, K. L. & Anderson, K. A. (2002) Trace element concentration in tree-rings 
biomonitoring centuries of environmental change. Chemosphere, Volume 49, pp. 575-
585. DOI 10.1016/S0045-6535(02)00402-2 

Pettersson, A. (2011) Spårämnen i alunskiffer, rödfyrshögar och björkträd vid Andrarums 
alunbruk, Skåne. Independent work at bachelor's degree, 15 credits. Lund: Lunds 
universitet. 

Pihl Karlsson, G. et al. (2017) IVL Svenska Miljöinstitutet AB. [Online] Available at: 
http://www.krondroppsnatet.ivl.se/ [Accessed 18 05 2017]. ISBN: 9789188319579 

Rojas-Tapias, D. F., Bonilla, R. R. & Dussán, J. (2012) Effect of Inoculation with Plant 
Growth-Promoting Bacteria on Growth and Copper Uptake by Sunflowers. Water, Air, 
& Soil Pollution 223(2), pp. 643–654. DOI: 10.1007/s11270-011-0889-3 

Saarela, K.-E. et al. (2005a) Elemental analyses of pine bark and wood in an environmental 
study. Science of the Total Environment, Volume 343, pp. 231-241. 
DOI:10.1016/j.scitotenv.2004.09.043 

Saarela, K.-E. et al. (2005b) Quantitative Elemental Analysis of Dry-Ashed Bark and Wood 
Samples of Birch, Spruce and Pine from South-Western Finland Using PIXE. Acta 
Academiae Aboensis, Ser. B. Mathematica et physica, 65(4). ISBN: 9517652690 

Saarela, K.-E. (2009) Elemental analysis of wood materials by external millibeam thick target 
PIXE, Åbo: UNIPRINT. ISBN: 9789521223471 

Sahuquillo, A., Rigol, A. and Rauret, G. (2003) Overview of the use of leaching/extraction 
tests for risk assessment of trace metals in contaminated soils and sediments. TrAC 
Trends in Analytical Chemistry 22(3), pp. 152-159.                
DOI: 10.1016/S0165-9936(03)00303-0 

Sjöberg, V. (2017) Utilization of Waste Materials for Extraction of Strategic Metals - a 
Biochemical Approach. Thesis for Philosophy Doctorate in Environmental Science. 
Örebro: Örebro University. ISBN: 9789175291741 



  Trees on contaminated soil Elisabeth Ängmyren 

 

26 

 

Sjöberg, V. & Karlsson, S. (2015) Impact of organic carbon on the leachability of vanadium, 
manganese, iron and molybdenum from shale residue. Minerals Engineering, Issue 75, 
pp. 100-109. DOI: 10.1016/j.mineng.2014.10.018 

Stenlund, J. & Oldén, G. (n.d.) Rödfötter och guckuskor - En vandring i spåren efter Beate 
Christine Alunverk. Leaflet from Stiftelsen framtidens kultur/Latorps byalag. 

Strömberg, M. & Svensson, E. (2012) Träds upptag av metaller på förorenad mark: En 
fältstudie om trädprovtagning är lämpligt som indikation på metallförorening. 
Independent work at bachelor's degree, 15 credits. Halmstad: Högskolan i Halmstad. 

Superville, P.-J.et al. (2017) Radial metal concentration profiles in trees growing on highly 
contaminated soils. Chemosphere, Volume 172, pp. 80-88.                
DOI: 10.1016/j.chemosphere.2016.12.142 

SWECO VIAK, 2005. Kvarntorpsområdet. Undersökning avseende markföroreningar – 
förstudie. Örebro: Sveriges Geologiska Undersökning. SGU Projekt nr 43033, Dnr 08-
1438/2003 

Tafur-Marinos, J. A. et al. (2016) Digestion Procedures for the Elemental Analysis of Wood 
by Inductively Coupled Plasma Optical Emission Spectrometry. Analytical Letters, 
49(11), pp. 1722-1733. DOI: 10.1080/00032719.2015.1120309 

Tessier, A., Campbell, P. G. C. & Bisson, M. (1979) Sequential Extraction Procedure for the 
Speciation of Particulate Trace Metals. Analytical Chemistry, 51(7), pp. 844-851.  
DOI: 10.1021/ac50043a017 

Watmough, S. A., Dillon, P. J. & Epova, E. N. (2005) Metal partitioning and uptake in 
central Ontario forests. Environmental Pollution, 134(3), pp. 493-502.               
DOI: 10.1016/j.envpol.2004.09.001 

Watmough, S. A. & Hutchinson, T. C. (1996) Analysis of tree rings using inductively coupled 
plasma mass spectrometry to record fluctuations in a metal pollution episode. 
Environmental Pollution, 93(1), pp. 93-102. DOI: 10.1016/0269-7491(95)00107-7 

Westrin, T. et al. (1911) Latorp. In: Nordisk familjebok, konversationslexikon och 
realencyklopedi, Uggleupplagan 15. Stockholm: Nordisk familjeboks förlags 
aktiebolag, p. 1362. 

 

 

 

 

 


	Abstract
	Introduction
	Dendrochemistry
	Bioavailability
	Vanadium
	Strontium
	Cadmium
	Lead
	Uranium

	Sample preparation

	Presentation of case and field sites
	History Kvarntorp
	History Latorp
	Kumla, the reference site
	Sampling sites

	Objective
	Method
	Stem wood
	Soil

	Results and discussion
	Conclusions
	Acknowledgments
	References

