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Preface 
The work reported in this PhD thesis, entitled “The feasibility of tree coring 
as a screening tool for selected contaminants in the subsurface”, was carried 
out at the Department of Environmental Engineering, Technical University of 
Denmark (DTU). The thesis is based on research undertaken from July 2011 
to April 2015 under the supervision of Professor Stefan Trapp, Associated 
Professor Mette M. Broholm and Professor Philipp Mayer.  

The research was primarily conducted at DTU with an external research stay 
at the Department of Environmental Science, Aarhus University, Roskilde, 
Denmark. 

This project was funded by DTU and the European Commission's Seventh 
Framework Programme (FP7) (Project 265364; TIMBRE – Tailored 
Improvement of Brownfield Regeneration in Europe).  

The thesis is organized in two parts: the first part puts into context the 
findings of the PhD in an introductive review; and the second consists of the 
papers listed below. These will be referred to by their paper number given as 
Roman numerals I-V . 
 

I  Algreen, M.; Rein, A.; Legind, C.N; Amundsen, C.E.; Karlson, U.G.; 
Trapp, S. (2012). Test of tree core sampling for screening of toxic 
elements in soils from a Norwegian site.  
International Journal of Phytoremediation. 14, 305–319. 
Open access: 
http://www.tandfonline.com/doi/abs/10.1080/15226514.2011.620648#.VTDSIk0cQ5g 
 

II Algreen, M.; Rein, A.; Trapp, S. (2014). Phytoscreening and 
phytoextraction of heavy metals at Danish polluted sites using willow 
and poplar trees.  
Environmental Science and Pollution Research. 21, 8992–9001.  
Open access: 
http://link.springer.com/article/10.1007%2Fs11356-013-2085-z 
 

III Algreen, M.; Kalisza, M.; Stalder, M.; Martac, E.; Krupaneka, J.; 
Trapp, S.; Bartke, S. (2015). Effective and reliable site characterization 
at megasites by the use of pre-screening methods.  
Environmental Science and Pollution Research. In press.  
 

  



II 

IV Algreen, M.; Trapp, S.; Jensen, P.R; Broholm, M.M. (2015). 
Tree coring compared to soil gas sampling for detection of PCE and 
TCE in the subsurface. Submitted April.  
 

V Algreen, M.; Gouliarmou, V.; Trapp, S.; Karlson U.G.; Mayer, P.; 
(2015). Limited plant uptake of the desorption resistant native PAHs in 
soot and soil. Submitted March.  

 

In addition, the following publications related to the topic of the thesis were 
written during the PhD project, but not included in the thesis: 

 Algreen, M.; Trapp, S. (2014). Guideline for application of tree coring 
as an initial screening tool for typical pollutants in the subsurface. 
TIMBRE project, FP7- ENV-2010.3.1.5-2, contract no: 265364. 
Available at: http://www.timbre-project.eu/ 
 

 Martac, E.; Trapp, S.; Clausen, L.; Algreen, M.; Stalder, M.; 
Krupanek, J.; Kalisz, M.; Fatin-Rouge, N. (2014). Comparative study 
of DP-based site investigation approaches and potential in situ 
remediation techniques: model-assisted evaluation of advantages and 
un-certainties. TIMBRE project, FP7- ENV-2010.3.1.5-2, contract no: 
265364. Available at: http://www.timbre-project.eu/ 
 

 Trapp, S.; Algreen, M.; Rein, A.; Karlson, U.; Holm, O. (2012). 
Phytoscreening with tree cores (p. 133-148). In: Kästner, M.; 
Braeckevelt, M.; Döberl, G.; Cassiani, G.; Papini, M.P.; Leven-Pfister, 
C.; van Ree, D. (ed) Model-driven soil probing, site assessment and 
evaluation - Guidance on technologies.  Sapienza Università Editrice. 

 

In this online version of the thesis, the papers are not included but can be 
obtained from electronic article databases e.g. via www.orbit.dtu.dk or on 
request from: 

DTU Environment 
Technical University of Denmark 
Miljoevej, Building 113 
2800 Kgs. Lyngby 
Denmark 
info@env.dtu.dk. 
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Summary 
Chemical release resulting from inadequate care in the handling and storage 
of compounds has ultimately led to a large number of contaminated sites 
worldwide. Frequently found contaminants in the terrestrial environment 
include BTEX (benzene, toluene, ethylbenzene, and xylenes), heavy metals, 
PAHs (polycyclic aromatic hydrocarbons) and chlorinated solvents. The large 
number of contaminated sites has created a need for effective and reliable site 
investigations.  

In this PhD project the feasibility of tree coring as a screening tool for 
selected contaminants in the subsurface has been investigated to obtain more 
efficient site investigations. Trees have a natural ability to take up water and 
nutrients from the subsurface; consequently, contaminants can also enter the 
roots and be translocated to plant parts above ground where they will be 
absorbed, degraded or phytovolatilized depending on their physico-chemical 
properties. A small sample of the wood (a tree core) can be collected and 
analyzed to give information on potential subsurface contamination. To date 
the focus of tree coring has mainly been on the use as a screening tool for 
chlorinated solvents including perchloroethylene (PCE) and trichloroethylene 
(TCE), where the method has been applied with success. The results also 
showed that the measurements will be affected by various factors such as soil 
properties, climate conditions, sampling procedure, the tree species and 
especially the contaminants of interest.  

The purpose of this PhD project is comprised of two primary objectives: (1) 
to investigate the feasibility of tree coring of different tree species as a 
screening tool for heavy metals, BTEX and PAHs in the subsurface and (2) to 
investigate under which conditions and for which purposes tree coring is a 
viable substitute for established site screening methods e.g. soil gas sampling. 
The first objective was achieved through tree core sampling campaigns from 
different tree species (e.g. willow, poplar, birch, cherry, and ash) at sites 
contaminated with heavy metals, BTEX or chlorinated solvents. The 
measured wood concentrations were compared to concentrations in soil, 
groundwater or soil gas. In addition, a laboratory study has been conducted to 
investigate the plant uptake of PAH from different soils. The second 
objective was accomplished by comparing wood concentrations attained 
through tree coring to measurements of soil gas, soil and/or groundwater 
attained through established site characterization methods. 
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The site investigations showed that the use of tree coring as a screening tool 
for heavy metals and BTEX in the subsurface is more complex than for 
chlorinated solvents.  

Heavy metals were expected to be good candidates for tree coring due to 
natural uptake mechanisms of essential heavy metals, but the use of tree 
coring to detect elevated heavy metal concentrations in soil is challenged by 
the presence of background concentrations. Therefore, a statistical 
comparison of the wood concentrations measured in trees grown at a 
potentially contaminated site and trees from a nearby non-contaminated site 
(reference trees) is necessary. This approach has demonstrated significantly 
elevated concentrations of zinc (Zn), copper (Cu), cadmium (Cd) and nickel 
(Ni) in trees grown at highly contaminated sites, while less or no significant 
elevated concentrations were found in trees from less contaminated sites. In 
addition, non-linear relationships were found between concentrations in wood 
and soil.  

BTEX have similar physico-chemical properties as chlorinated solvents, so 
was expected that BTEX also would be good candidates for tree coring. 
However, the application of tree coring to locate BTEX-contaminated areas 
can be difficult as natural attenuation of the compounds (e.g. biodegradation 
and volatilization) may result in relatively low concentrations in the wood. 
Although difficult, investigations have shown that some BTEX contaminated 
areas can be detected by tree coring and that the concentrations of BTEX in 
wood can be correlated to those in soil gas, soil or groundwater. Precautions 
implemented to prevent cross-contamination have also shown to be important 
because it can otherwise lead to false positives. Among the sampled tree 
species, willows and poplars were the most suitable species for tree coring, 
since they were able to take up heavy metals and BTEX in highest 
concentrations.  

The laboratory study of PAH plant uptake from soil showed that the plant 
concentrations were not controlled by total soil concentrations or the 
bioavailable fraction in the soil. Concentrations measured in plant tissue 
above ground were more affected by deposition from air.  

The comparison of tree coring and soil gas sampling for application as 
screening tools for chlorinated solvents showed that the two methods are 
complementary, which is why the choice of method to be used should be 
based on the specific purpose of the site investigation and the specific site 
conditions. 
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In general, tree coring is a very rapid and low-invasive screening method, 
which provides an economic advantage to current methods. The low costs 
associated with tree coring allow for a high sampling density. This, together 
with a relatively large soil volume represented by a tree core, has shown to 
reduce the risk of overlooking contaminated areas and is a valuable method 
for the identification of previously unknown source areas within a short time 
period.   



VIII 



IX 

Dansk sammenfatning 
Over hele verden har håndtering og opbevaring af kemikalier medført et stort 
antal forurenede lokaliteter. Nogle af de hyppigst forekommende 
miljøfremmede stoffer på lokaliteterne er BTEX (Benzen, Toluen, 
Ethylbenzen, og Xylener), tungmetaller, PAHer (PolyAromatiske Hydro-
karboner) og chlorerede opløsningsmidler. Det høje antal forurenede 
lokaliteter har skabt et stort behov for effektive og pålidelige undersøgelses-
metoder til at påvise og lokalisere de forurenede områder.  

I dette Ph.d. projekt er anvendeligheden af træer som bio-indikatorer for 
jordforurening undersøgt som screeningsmetode for forskellige miljø-
fremmede stoffer for at opnå mere effektive jordforureningsundersøgelser. 
Ved hjælp af træernes naturlige transpiration kan kemikalier i jorden optages 
via trærødderne og fordeles rundt til plantedele over jorden, hvor de enten 
absorberes, nedbrydes eller fordamper til luften afhængigt af stoffernes 
fysisk-kemiske egenskaber. Ved at indsamle og analysere en lille prøve af 
veddet fra træets stamme (en trækerneprøve) kan jordforureninger påvises. 
Til dato har metoden primært været anvendt som screeningsværktøj for 
chlorerede opløsningsmidler såsom perchloroethylen (PCE) og 
trichloroethylen (TCE) i jord og grundvand. Hertil har metoden vist sig 
yderst anvendelig.  Disse undersøgelser har også vist, at måleresultaterne 
påvirkes af jordbundsforholdene, klimaet, de anvendte træslægter, 
fremgangsmåden for prøvetagningen og ikke mindst af de miljøfremmede 
stoffer selv.  

Formålet med dette Ph.d. projekt har været: (1) at undersøge 
anvendeligheden af træer som bio-indikatorer for jordforureninger med 
tungmetaller, BTEX og PAH, samt (2) at undersøge under hvilke forhold og 
til hvilke formål brugen af trækerner er gevinstgivende i forhold poreluft 
målinger (en metode som allerede anvendes kommercielt). Til dette formål er 
feltundersøgelser blevet udført på lokaliteter forurenet med tungmetaller, 
BTEX eller chlorerede opløsningsmidler. Der er udtaget trækerneprøver fra 
træslægter såsom pil, poppel, birk, kirsebær og ask, og måleresultaterne er 
sammenlignet med koncentrationer målt i poreluft, jord og/eller grundvand. 
Derudover har der været udført et laboratorie forsøg for at undersøge 
planteoptaget af PAH fra forskellige jorde med forskellige total- og 
biotilgængelige koncentrationer.  
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Feltundersøgelserne viste, at anvendelsen af træer som bio-indikatorer for 
tungmetal- og BTEX jordforurening er mere vanskelig end ved anvendelsen 
til chlorerede opløsningsmidler.  

Det var forventet at tungmetaller ville være gode kandidater for metoden, 
grundet træers naturlige optag af essentielle tungmetaller. Men brugen af 
metoden er udfordret af, at tungmetaller netop er naturligt forekommende i 
miljøet, og det er derfor er det nødvendigt at sammenligne de målte 
koncentrationer træveddet fra en potentiel forurenet lokalitet med 
koncentrationer målt i træer fra en nærliggende ikke-forurenet lokalitet 
(reference træer). Ved denne fremgangsmåde har det vist sig muligt at påvise 
signifikant forhøjede niveauer af zink (Zn), kobber (Cu), cadmium (Cd) og 
nikkel (Ni) i veddet fra træer voksende på stærkt forurenede områder. De 
målte niveauer i veddet fra træer på mindre forurenede områder var generelt i 
mindre grad eller slet ikke signifikant forhøjet sammenholdt med 
referencetræer. Derudover har der ikke kunnet findes en lineær sammenhæng 
mellem koncentrationer målt i hhv. træved og jord.  

Træer som bio-indikatorer for BTEX forurenet jord ansås også som værende 
muligt, da BTEX har fysisk-kemiske egenskaber sammenlignlige med dem 
for chlorerede opløsningsmidler. Men brugen af træer som bio-indikatorer for 
BTEX påvirkes af den høje bionedbrydning og fordampning der sker af 
stofferne fra jord og plante, hvilke medfører lave koncentrationer i veddet. 
Alligevel har undersøgelserne vist, at træer under vise omstændigheder kan 
påvise BTEX forurenede områder og at BTEX niveauerne målt i træveddet er 
korreleret til koncentrationer målt i jord, grundvand og poreluft. Dog skal der 
tages forholdsregler for kontaminering af prøverne, hvilket ellers kan 
medføre falske påvisninger af jordforurening. Blandt de undersøgte 
træslægter er de højeste koncentrationer af tungmetal og BTEX målt i pil- 
og poppeltræer, hvorfor disse slægter anses som værende bedst egent som 
bio-indikatorer for jordforureninger.  

Laboratorieforsøget viste, at planteoptaget af PAH fra jord ikke var 
kontrolleret af total-koncentrationen eller de biotilgængelige koncentrationer 
i jord. Koncentrationerne målt i plantedele over jorden var i højere grad 
påvirket af koncentrationer fra luften.  

Ved sammenligning af trækerneprøver og poreluftmålinger som screenings-
værktøj til chlorerede opløsningsmidler blev det vist at metoderne er 
komplementerende, og valget af metode bør derfor baseres på formålet for 
forureningsundersøgelsen og den specifikke lokalitets forhold.  
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Generelt er måling på trækerner en hurtig, nem og økonomisk favorable 
screeningsmetode, hvormed det er muligt at udføre prøvetagning i et 
tætmasket prøvegitter. Dette, sammenholdt med det store jordvolumen en 
trækerneprøve repræsenter, vil risikoen for at overse uventede 
jordforureninger reduceres og chancen for at opspore ukendte kilder inden for 
en kort tidshorisont øges.  
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1 Introduction  
Emissions of contaminants into the environment increased with the industrial 
revolution and the technological development in the 19th century (Swartjes 
2011). The soil was used as a sink for instance for production waste where 
chemicals were often deposited on the ground, resulting in substantial 
contamination of the subsurface. During the 1970’s the awareness of the 
harmful impacts of soil contamination, was raised and during the 1980’s 
efforts related to soil investigations were intensified (Lamé 2011). Today, the 
major contaminants found in the terrestrial environment in Denmark and 
Europa are: mineral oil, BTEX (benzene, toluene, ethylbenzene, and xylenes) 
and heavy metals.  PAHs (polycyclic aromatic hydrocarbons) and chlorinated 
hydrocarbons (CHC) also account for a significant fraction, see Figure 1. 
(Roost 2014, Liedekerke et al. 2014).    

Mineral 
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Heavy 
metals 
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PAH 13%
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10%

Denmark
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Figure 1: Overview of contaminants affecting soil and groundwater in Denmark and 
Europe (16 countries including Norway) in average (Roost 2014, Liedekerke et al. 2014).  

 

In Europe, the estimated number of potentially contaminated sites is 2.5 
million (Liedekerke et al. 2014). By 2012, 30.411 Danish sites were 
identified as contaminated or potentially contaminated (Danish EPA 2014a). 
This large number of potentially contaminated sites emphasizes the need for 
effective site investigation.      
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1.1 Investigations of contaminated sites  
For investigations of potentially contaminated sites, a standardized approach 
has been developed in Denmark as shown in Figure 2 (Danish EPA 2014a). 
The steps may differ from country to country but the overall approach is   
internationally well recognised (Lamé 2011).  

 

Historical site survey
[100 sites]

Mapping at Knowlegde Level 1
[40-65 sites] 

Initial site investigations
[20-50 sites]

Mapping at Knowlegde Level 2
[10-30 sites]

Detailed  site 
investigations

[5-10 sites]

Remediation 
[1-4 sites]

Operation
[1-2 sites]

�Æ35-60 sites excluded.
No contaminating 
activities identified. 

�ÆAdditional 10-20 sites excluded.
The activities do not pose a risk for the 
groundwater or use of the area.

�ÆAdditional 10-20 sites excluded.
No contamination was found.

�ÆAdditional 5-20 sites excluded.
The contamination do not pose a risk for 
the groundwater or use of the area.

�ÆAdditional 4-6 sites, no further effort.
The contamination do not pose a risk for the 
groundwater or use of the area.

�ÆSite investigations closed. 

 

Figure 2: The steps in the Danish public effort of site investigations including estimations 
of the allocation of sites in each step based on 100 sites. Modified from Danish EPA 
(2014a). 

 

1.1.1 Standardized approach 
Initially a preliminary investigation is performed to obtain knowledge of the 
(former) site activities, which may have given rise to contamination. This is 
done by a historical site survey and if such activities are identified, the site is 
mapped at Knowledge Level 1 (ICCS 2007). This preliminary investigation 
forms the basis for any following site investigations. Insufficient preliminary 
investigations may lead to a biased conclusion about soil quality, whereby 
contaminated sites can incorrectly be classified as uncontaminated. In 
addition, the.sampling campaigns during the subsequent site investigations 
may be inaccurately placed whereby contaminated areas can be overlooked. 
In Denmark, 14.582 sites were identified as sites of concern at Knowledge 
Level 1 by 2012 (Danish EPA 2014a).  
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Sites identified at Knowledge Level 1 are candidates for an exploratory 
investigation. Exploratory investigations normally include site investigations 
by conventional methods (Döberl et al. 2012). The detection of contamination 
will place the site at Knowledge Level 2 and the need for detailed site 
investigations (additional sampling and maybe monitoring) is assessed. The 
goal of the investigations is to provide the information necessary to perform 
risk assessment and ascertain whether the contamination poses risks to 
ground-water and/or human health (Overheu et al. 2014).  

1.1.2 Conventional methods for site investigations 
Conventional site investigations commonly involve drilling near the potential 
sources found during the historical site survey (Döberl et al. 2012, Danish 
EPA 2009). In connection with the drilling, soil samples are collected and 
well screens are installed for groundwater sampling. The sampling strategy, 
i.e. the density and depth of sampling points, depends on the purpose of the 
site investigations including the demand on safety, category of contamination 
and the properties of the contaminants (Danish EPA 2000 and 1998b). 
However, the total number of sampling points is kept at a minimum due to 
high start-up costs and limited budgets (Döberl et al. 2012).  

1.1.3 Challenges and opportunities 
Investigation of contaminated sites may be a time consuming and costly task. 
In Denmark, approximately 400 million DKK per year are spent by the 
regional authorities on the management of soil and groundwater 
contamination. In 2012, “only” approximately 70 million DKK of the budget 
was used for site investigations (initial and detailed investigations) (Danish 
EPA 2014a). This illustrates the limited resources available; consequently, 
prioritization among sites and specific sampling strategies (i.e. placement and 
number of samples) is necessary. The sampling strategy should reflect a 
balance between the resources available and the risk of not finding an 
unknown or unexpected contaminated area. Thus, considerable uncertainties 
are involved with conventional site investigations due to insufficient 
historical information and/or low sampling density (Wycisk et al. 2013, Rein 
et al. 2011). The uncertainty can be reduced by applying a denser sampling 
grid; however, this is unlikely to be feasible with the conventional screening 
methods, especially at large sites (Döberl et al. 2012). Instead, the application 
of cost-effective and fast initial screening methods with higher sampling 
density will be useful during initial site investigations. A screening method 
can give an overview of the entire accessible site without considerable cost 
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elevation. The results obtained by initial screening can be used to better plan 
the placement of more invasive methods like direct push technologies or 
more costly initiatives such as installation of groundwater monitoring wells. 
This will make site investigations more efficient and reduce the uncertainties 
of overlooking contaminated areas (Algreen et al. III  and IV , Döberl et al. 
2012, Rein et al. 2011). 

1.2 Phytoscreening 
Phytoscreening is a cost-effective and rapid screening method which uses 
vegetation as a bio-indicator for contaminants(Algreen and Trapp 2014, 
Trapp et al. 2012, Burken et al. 2011).. The principle of phytoscreening used 
for subsurface contamination, is that contaminants are taken up by the plant 
roots and translocated upwards to plant tissue above ground (Dettenmaier et 
al. 2009, Ma and Burken 2003, Newman et al. 1997). The plant tissue can 
then be sampled and analyzed for contaminants, which may reflect the 
contamination in the subsurface (Vroblesky 2008). A variety of plants (e.g. 
vegetables or trees) and plant parts (e.g. leaves or wood) can be useful for 
phytoscreening (Trapp et al. 2012, Stefanov et al. 2012, Gopalakrishnan et al. 
2007). Trees are preferred due to their large root system, which integrates 
over a large capture zone, and the all year availability of plant materials in 
the form of wood. The collection of wood samples from trees can be done by 
coring; this method is termed tree coring (Algreen and Trapp 2014, 
Vroblesky 2008). Tree coring has already been applied repeatedly and 
successfully to locate subsurface contamination of chlorinated solvents (Rein 
et al. 2015, Limmer et al. 2011, Larsen et al. 2008, Sorek et al. 2008, 
Vroblesky et al. 2004 and 1999). However, to date the research on the 
feasibility of tree coring for other compounds is more limited. 
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1.3 Aim and objectives of the PhD project 
As tree coring has shown to be a useful screening method to detect 
chlorinated solvents in the subsurface, it is pertinent to test the feasibility of 
the method for other groups of contaminants. Relevant contaminants include 
heavy metals and BTEX because both are frequently found in the terrestrial 
environment. Some heavy metals (e.g. copper, nickel and zinc) serving as 
essential elements are taken up with transpiration water and BTEX have 
similar physico-chemical properties (such as water solubility; KOW and  
Henry’s law constant) as chlorinated solvents (PCE, TCE), which makes 
these compounds likely candidates for tree coring. PAHs are another frequent 
group of contaminants, where some are known to sorb strongly to the soil 
matrix leading to low freely dissolved concentrations. The low freely 
dissolved concentrations will limit the availability for trees, which could 
reduce the usefulness of tree coring for these compounds. Knowledge about 
the PAH plant uptake from different soils and subsequent translocation will 
be a good indicator for the feasibility of tree coring as a screening tool for 
PAHs in the subsurface.   

Commercial use of tree coring could be as a screening method for initial site 
investigations, which requires methods that are cost-effective and can be 
applied rapidly. However, soil gas sampling is another screening method 
which already exists and has been applied commercially with success. For 
tree coring to gain commercial value, the overall advantages gained by use of 
the method need to be clarified, in particular, it should be identified for which 
purposes tree coring would be beneficial compared to soil gas sampling. 

Therefore, the aim of this PhD project has been to investigate the feasibility 
of tree coring as a screening tool for selected contaminants in the subsurface 
and to investigate under which conditions and for which purposes tree coring 
can be advantageous compared to other screening methods. The specific 
objectives of the PhD project are:     

Objective 1:   Test the feasibility of tree coring for selected heavy metals in 
the subsurface. 

 Hypothesis: Metals are ubiquitously found in the environment, 
where some are essential to plants; therefore the occurence of 
heavy metals in wood alone is no sufficient indicator for 
subsurface pollution, and a comparison to reference trees is 
needed. 
 



6 

Objective 2:   Test the feasibility of tree coring for BTEX compounds in the 
subsurface. 

 Hypothesis: It is expected tree coring may be useful to 
detected BTEX in the subsurface, because BTEX have similar 
physico-chemical properties as chlorinated solvents for which 
the method have been useful for. However natural attenuation 
may cause low concentrations in wood. 
 

Objective 3: Compare the feasibility of tree coring to soil gas sampling. 
 Hypothesis: Tree coring is a rapid and cost-effective 

screening method useful as a screening tool for detection of 
hot spots or unknown source areas.  
 

Objective 4: Investigate the PAH uptake from different soils into plants.   
 Hypothesis: Sorption of PAHs to the soil matrix results in a 

desorption-resistant fraction, which will lead to a limited 
potential for the plant uptake of PAHs from soil. 
 

 

An overview of the research topics in focus within this PhD project and 
related publications generated during the research is given in Figure 3. 

(  )

 
Figure 3: Overview of research topics in focus within this PhD project and the outcomes 
in form of publications. 
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2 Tree coring 
The use of trees as bio-indicators for subsurface contamination began in the 
1990’s. Groundwater contamination was investigated by analysis of element 
concentrations in individual tree rings (Yanosky and Vroblesky 1992, 
Vroblesky and Yanosky 1990). Subsequently, analysis of organic compounds 
in tree cores began with the purpose of revealing current groundwater 
contaminations (Vroblesky et al. 1999, 1992). Today, the method has been 
applied at numerous sites and is generally useful for detection of subsurface 
contamination with chlorinated solvents (Rein et al. 2015, Limmer et al. 
2011, Sorek 2008, Larsen et al. 2008, Vroblesky et al. 2004). This despite the 
fact that the wood concentrations varies based on the specific site, tree 
species, climate conditions, time of sampling and sampling approach 
(Algreen et al. I , II  and III , Limmer et al. 2014b, 2014c and 2013, 
Wittlingerova et al. 2013, Holm and Rotard 2011, Doucette et al. 2007). 
However, tree coring can provide information on a relative level of 
contamination in the subsurface at the time of sampling, which is valuable 
information during initial site screenings. 

2.1.1 Function  
The main uptake pathways of contaminants into plants are from the 
subsurface or by deposition from air to plant tissue above ground (Burken et 
al. 2005, Berthelsen et al. 1995, Simonich and Hites 1994). When 
investigating the feasibility of trees as bio-indicators for subsurface 
contamination, only uptake of contaminants from the subsurface via the roots 
is considered (cf. Figure 4). Roots can take up dissolved contaminants in 
water (pore and groundwater) by the transpiration stream. Trees collect the 
majority of their water supply from the upper soil layers, but uptake from 
deeper soil layer sources such a shallow groundwater can also happen 
particularly in dry periods (Smith et al. 1997, Dawson and Pate 1996, Larcher 
1995). Besides, organic compounds present in the pore air in the unsaturated 
zone can also be taken up by the roots (Burken et al. 2005, Struckhoff et al. 
2005). After uptake through the roots, the contaminants can be translocated to 
other plant tissue above ground, where they will be phytovolatilized, 
absorbed or degraded depending on their physico-chemical properties and the 
plant tissue/species do their content of e.g. lignin (Ma and Burken 2002, 
Trapp 2002, Trapp et al. 2001, Mackay and Gschwend 2000, Burken and 
Schnoor 1998). By means of tree coring a small sample from the trunk of a 
tree (a tree core) is sampled and analyzed. This sample can reflect subsurface 
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contamination near the root zone. The extent of the root zone depends on 
factors like the tree species, the soil conditions, the climate and the density of 
planting (Canadell et al. 1996). The width of the root zone is observed to 
extend well beyond the width of the tree canopy. Lateral root extension is 
mostly reported to be between 10-20 m in radius, but radii of >50 m have also 
been reported (Stone and Kalisz 1991). The rooting depth is in average 7.0 
(±1.2) m bgs (below ground surface) across species and climate; deepest for 
trees in dry areas and shallower in boreal areas (Canadell et al. 1996). In the 
temperate zone, the average rooting depth is reported to be 2.9 m for a 
deciduous forest and 1 m deeper for a coniferous forest. In addition, capillary 
forces can lead to vertical movement of volatile compounds (Newell et al. 
2015). Thereby have contaminations down to 19 m bgs been observed by tree 
coring (Sorek 2008). This indicates that a measurement by tree coring is a 
signal integrated over a large capture zone. 

 

Root hair

Tap root

Sinker root

Sapwood
Heartwood

Tree core
sample

Average lateral root 
spread 10-20 m

Average maximal  root depth 2.9 m bgs

Uptake of organic compounds
from water and pore air

Uptake of heavy metals 
from water

Height 1 m

Length
5 cm

A 

B 

 

Figure 4: Conceptual model of the extent of the root system, plant uptake by the roots (A) 
and tree core sampling (B). 
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2.1.2 Operation 
Tree coring is still a new technique; nevertheless, many have tried the 
application and it has been shown that the sampling approach can influence 
the outcome of tree coring (Limmer et al. 2014c, Odom et al. 2013, Doucette 
et al. 2007, Vroblesky et al. 1999). Samples collected and handled the same 
way allow for a better comparison of results (Wahyudi et al. 2012). 
Therefore, guidance documents for tree coring have been developed by Holm 
et al. (2011) and Vroblesky (2008). Two (similar) documents have been 
developed within this PhD project (Algreen and Trapp 2014, Trapp et al. 
2012). In these documents, it is recommended that tree cores are sampled by 
a specific hand drill (Suunto, Finland), 1 m above ground and 6 cm into the 
trunk wherefrom mainly sapwood (living wood) is extracted (cf. Figure 4). 
The outer part (mainly bark and phloem) of the tree core has to be removed to 
minimize any influence of contaminants taken up from the atmosphere. The 
contaminant concentrations inside of the tree along the circumference of the 
trunk will vary (Limmer et al. 2013, Holm and Rotard 2011, Vroblesky et al. 
1999). A reason may be that the xylem inside the trunk reaches from roots to 
the leaves taking up water and contaminants from different soil areas. 
Another reason may be the variation in transpiration rates around the tree 
caused by different sun exposure (Larcher 1995). Therefore sampling along 
the circumference of the trunk to avoid false negatives (measurements where 
the contaminants are not measured in the wood even though they have been 
measured in soil or groundwater) is recommended.  

When screening for volatile compounds, the sampling should be conducted 
from late summer to early winter. During this period the highest 
concentrations in wood are to be expected due to a high transpiration rate, 
which increases the uptake of contaminants, and low temperatures, which 
decrease the (phyto)volatilization of the contaminants (Limmer et al 2014a, 
Wittlingerova et al. 2013). The tree cores can be collected in analytical vials, 
which have to be closed immediately to avoid loss of volatile compounds (cf. 
Figure 4), where after they can be analyzed. HS-GS/MS (Headspace-Gas 
Chromatography/Mass Spectrometry) is a commonly applied analytical 
method for volatile compounds in wood (Algreen and Trapp 2014, Limmer et 
al. 2011, Doucette et al. 2007, Ma and Burken 2002, Vroblesky et al. 1999). 
Other more sensitive analytical methods such as SPME/HS-GS/MS (Solid 
Phase Micro Extraction) or in planta measurements have also been applied 
(Rein et al. 2015, Limmer et al. 2014c and 2011, Sheehan et al. 2012, Holm 
and Rotard 2011).  Screening of heavy metals can be done all year because 
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heavy metals are not degradable and do not undergo phytovolatilization. The 
samples have to be protected from cross-contamination until extraction of the 
heavy metals from the wood. Heavy metals can be analyzed by ICP-OES 
(Inductively Coupled Plasma-Optical Emission Spectrometry) (Algreen and 
Trapp 2014). A possible advantage of the tree coring method is that a single 
tree core sample allows for the analysis of volatile compounds as well as an 
additional subsequent analysis for heavy metals for the same minute sample 
acquired with minimal effort.    

The tree core extraction is a standard technique, widely used in forestry, 
which is harmless for the trees and causes only little or no damage to 
personal property (Trapp et al. 2012, Graae 2011, Norton 1998). Only small 
holes in the trunks are left behind which the trees respond to by forming 
boundaries to isolate the injured tissue and hereby resist pathogens (Shigo 
1984). Even excessive coring has shown not to increase the frequency of tree 
death (Weber and Mattheck 2006). However, when using trees for monitoring 
purpose, where several tree cores are needed, alternatives to tree cores such 
as in planta sampling or passive sampling devices exist (Limmer et al. 2014b, 
Shetty et al. 2014, Sheehan et al. 2012). Due to the inherent minimal 
invasiveness of the method, which limits the amount of damage done at a 
perspective sampling site, this method could address personal property 
owners’ apprehensions with the process of site investigation, thereby making 
it easier to obtain permission to extract samples on private property.  
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3 Tree coring use for selected contaminants 
In the following sections the feasibility of tree coring for detection of 
selected contaminants in the subsurface is described. The properties and the 
fate of the selected compounds in the terrestrial environment affect the use of 
tree coring, therefore a short introduction for each group of compounds is 
given. The research of the feasibility of tree coring is based on field sampling 
of different tree species at various test sites.  

3.1 Heavy metals  
The heavy metals within focus of this PhD project were arsenic (As), 
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn), which 
in the terrestrial environment often can be found in elevated concentrations 
(Kabir et al. 2012). Heavy metals are of concern due to their toxicity and 
some are carcinogenic to humans (IARC 2015 and 2012, Holm and 
Christensen 1997). 

Heavy metals are non-degradable and can be found in different chemical 
species. They are a natural part of the earth's crust for which reason 
background concentrations are found ubiquitously. Some background levels 
of heavy metals in soil are reported by the Danish EPA and by WHO (World 
Health Organization) which can be seen in Table 1. However, anthropogenic 
activities including mining, metallurgical industries, wood preservatives, 
corrosion inhibition, semiconductor industries and waste incineration are also 
significant contributors to the concentrations of heavy metals in the terrestrial 
environment (IARC 2012, Adriano 1986).  

Table 1: Background levels of selected heavy metals in soils (mg/kg).  

 As Cd Cr Cu Ni Zn 

Background level, Denmark 1 2-6 0.03-0.5 1.3-23 13 0.1-50 10-3004 

Background level, WHO 2 5 0.03–13 37.0 - 10–210 - 

1: Danish EPA 2014b, c.  2: IARC 2012,  3: Sediment,  4: Algreen et al. II 

 

3.1.1 The fate of heavy metals in the terrestrial environment 
In general, heavy metals are not very mobile and the highest concentrations 
are found in the top soil (Adriano 1986). The fate of heavy metals in the 
terrestrial environment is very complex due to their inherent characteristica, 
the speciation and the soil properties including the pH, soil texture, organic 
matter, redox potential and the concentration of other ions which will have 
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impact on the bioavailability of the heavy metals (Sauve et al. 2000, Holm 
and Christensen 1997). Further details on the complex fate of the elements in 
the terrestrial environment will not be explored within this PhD project; 
instead reference is made to the literature (e.g. Holm and Christensen 1997, 
Adriano 1986). 

3.1.2 Plant uptake of heavy metals 
Heavy metals like Cu, Ni and Zn are essential micronutrients critically 
involved in plant growth and survival; they are therefore taken up naturally 
by the plant roots (Brown et al. 1987, Lipman & Mackinney 1931, Sommer & 
Lipman 1926). Non-essential heavy metals as As, Cd, Cr can also enter plant 
cells by carriers of essential ions such as iron or sulfate, or directly by the 
nutrients uptake system for similar elements in terms of charge and ionic radius 
(McLaughlin et al. 2011, Clement 2006, Shanker et al. 2005). The 
phytoavailability and uptake of the heavy metals depends not only on the soil 
properties (see above), the heavy metals or their total concentration, but also 
on the plant species (even clones) and the rhizosphere conditions where 
present microorganism can enhance or reduce the phytoavailability of the 
heavy metals (Rajkumar et al. 2012, Unterbrunner et al. 2007, Laureysens et 
al. 2004, Pulford et al. 2002). The following translocation and partitioning 
into different plant tissue differ with the individual elements (Pulford and 
Watson 2003, Jayasekera and Rossbach 1996). An overview of the different 
factors influencing the uptake and translocation of heavy metals from soil 
into plants is given in Figure 5. 

Plant
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Figure 5: Overview of the main factors influencing the plant uptake and translocation of 
heavy metals from soil into plants. 
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All the heavy metals in focus within this PhD project are toxic to trees at high 
concentrations as they can affect major physiological and metabolic processes in 
the plants (McLaughlin et al. 2011, Prasad 1995).  

3.1.3 Tree coring as a screening tool for selected heavy metals 
During this project, tree coring has been applied at four test sites 
contaminated with heavy metals. Based on their total soil concentrations, the 
test sites are categorized as slightly contaminated (above the soil quality 
criteria, but below the cut-off criteria) to highly contaminated (above the cut-
off criteria) according to Danish standards (Danish EPA 2014c). Samples 
from willows (Salix spp.), poplars (Populus spp.), birchs (Betula spp.), 
cherries (Prunus spp.), ashes (Fraxinusexcelsior spp.) and mountain ashes 
(Sorbus aucuparia spp.) were collected. Investigations of the feasibility of 
tree coring for detection of elevated heavy metal concentrations in the 
subsurface are presented in Algreen et al. I  and II. The main findings are 
outlined in the following. 

The use of tree coring as a screening tool to identify soil contamination with 
heavy metals is challenged by their ubiquitous presence in the environment.  
Consequently, background concentrations are found in trees and wood, 
whereby the detection of heavy metals in the wood does not document 
contamination of the subsurface. For this, a statistical comparison is required. 
Measured concentrations in trees from a test site (potentially contaminated) 
need to be compared with measured concentrations in trees from a reference 
site (non-contaminated) to determine if the soil concentrations at the test site 
are significantly elevated (Algreen et al. I ). If significantly elevated 
concentrations are detected in wood from the trees at the test site compared to the 
reference site, indication of subsurface contamination is found. To increase 
the statistical certainty, groups of trees growing on a chosen test site are 
sampled and tested against samples from a group of trees at the reference site. 
The chosen group of trees can represent the entire test site (Algreen et al. I  
and II ) or subareas at the test site (Martac et al. 2014).  

The need of reference trees involves some uncertainties; the plant uptake can 
vary among the sites based on differences in the bioavailability of heavy 
metals caused by different soil properties (Pulford et al. 2002, Marin et al. 
1993). Additionally, the reference site can be contaminated from atmospheric 
input, or from an unknown source (Algreen et al. I , Kabir et al. 2012, 
Berthelsen et al. 1995). Therefore the reference site needs to be selected with 
caution.  
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Tree species. Different tree species were tested to investigate if a preferred 
tree species could be found. Among the tested tree species, the uptake of 
heavy metals was generally higher for willow and poplar (willow > poplar), 
and the elevation of wood concentrations at the test site compared to the 
reference site was more pronounced (Algreen et al. I  and II ). High wood 
concentrations could also be found for birch, which is in agreement with the 
results of Evangelou (2013), Unterbrunner (2007) and co-workers, who 
investigated plant uptake in willow, poplar and birch at heavy metal 
contaminated sites. However, the difference in wood concentrations between 
the test site and the reference site was less pronounced for birch (Algreen et 
al. I ). It has also been shown that the differences in wood concentrations (Cd 
and Cr) can be greater between tree species (birch vs. willow and willow vs. 
poplar) than the reference site and the test site (Algreen et al. I ). Therefore it 
is important that the sampled tree species at the test site and the reference site 
are identical. This requirement complicates the use of tree coring as the 
preferable species (i.e. poplar or willow) are not always present at the test site 
and/or at the reference site. Additionally, the sampler is required to have the 
necessary skills to distinguish between the species; a difficult task for 
untrained personnel, especially during winter time.  

Concentrations in wood. The average wood concentrations measured at the 
test sites and the reference sites (willow and poplar) are summarized in Table 
2. Typical background concentrations in willows and poplars found during 
this PhD project were between 0.33-0.86 mg/kg for Cd, 1.20-1.95 mg/kg for 
Cu, 0.095-0.51 mg/kg for Ni and 10.5-32.0 mg/kg for Zn. The concentrations 
of As and Cr were for most samples below the detection limit (Algreen et al. 
I  and II ). Shanker (2005) and Marin (1993) have together with co-workers 
shown that As and Cr are taken up by the roots; however, the elements were 
accumulated in the roots, whereby the concentrations in the plant tissue 
above the ground were low. Hence, tree coring will be less useful for these 
elements. The wood concentrations at a highly contaminated site were 0.52-
3.08 mg/kg for Cd, 1.11-10.7 mg/kg for Cu, 0.48-0.49 mg/kg for Ni and 25.3-
106 mg/kg for Zn. In general, the measured concentrations ranked 
Zn>Cu>Cd>Ni at both the test sites and the reference sites.   

Test site vs. reference site. A statistical comparison of wood concentrations 
(in willows and poplars) from the test sites and the reference sites shows that 
the average concentrations of all the investigated elements, except Cu in 
poplar wood, were significantly higher in the wood from the strongly 
contaminated test site (cf. Table 2). For the test sites with lower 
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contamination levels, the concentration differences were sometimes very 
small or not distinguishable. Despite this overall trend, individual trees from 
the reference site may have higher wood concentrations than trees from the 
test site (Algreen et al. II ). Overall, the difference between wood 
concentrations from the test site and reference site was more pronounced for 
willow than for poplar (Algreen et al. I ). This indicates that tree coring may 
be useful to detect elevated concentrations of heavy metals at strongly 
contaminated sites (e.g. soil concentrations above the cut-off criteria) and 
that willows would be preferred over poplar.  

Table 2: Mean measured concentrations (mg/kg dw) of Cd, Cu, Ni and Zn in willow and 
poplar obtained through different sampling campaigns. R = reference site, T = test site and 
n = number of tree core samples. Significant differences in bold (�.= 5%) or italic (�.= 
10%).  

 
Valby 

Denmark 1 
Møringa 
Norway 2 

Frederiksværk 
Denmark ! 

Hillerød 
Denmark 1 

Tree species Willow Poplar W illow Poplar Poplar Willow
Site R  T R T R T R T R T R T
 n=8 n=36 n=8 n=36 n=22 n=22 n=6 n=18 n=4 n=36 n=4 n=17 

Cd 0.65 3.08 0.33 0.52 0.69 0.76 0.62 0.51 0.52 0.42 0.86 0.22 

Cu 1.68 10.7 1.28 1.11 1.95 3.05 1.33 1.66 1.20 1.64 1.79 1.51 

Ni 0.095 0.48 0.18 0.49 0.29 0.34 0.14 0.29 0.27 0.34 0.51 0.36 

Zn 21.6 106 10.5 25.3 32.0 36.4 27.0 32.5 20.6 35.7 24.1 19.6 
Level of soil 
contamination 

High Medium Medium Low 

1: Algreen et al. II 2: Algreen et al. I.    

 

A time saving simplification of the application of tree coring would be to use 
a general background value for each heavy metal in wood. This could 
potentially replace the reference samples, but the literature of natural 
background concentrations in trees is very limited and mainly focused on 
other plants or plant parts (i.e. lower plants, roots, or leaves) (Nordlokken et 
al. 2015, Jayasekera and Rossbach 1996). Additionally, the background 
concentrations in wood has shown to differs with the types of trees (i.e. 
conifers or deciduous), the species (e.g. willow, poplar or birch) and the plant 
tissue (e.g. wood or entire tree) as show in Algreen et al. I . However, 
relatively constant background concentrations have been found for poplar and 
willows, which both belong to the Salicaceae family (Algreen et al. II ). If a 
general background value can be confirmed by further studies, tabulated 
natural background values could be used rather than reference samples to 
evaluate subsurface contamination by tree coring. 
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Comparison to soil concentrations. Algreen et al. (II ) investigated the 
correlation between heavy metal concentrations measured in wood and soil, 
and thereby the method’s ability to estimate the soil concentrations. At low 
total concentrations in soil, the concentrations of heavy metals in wood are 
almost constant and increasing total concentrations only resulted in slight 
variations. Only at high total soil concentrations did the wood concentrations 
increase as well; a stronger correlation was found for willows compared to 
poplars (cf. Figure 6A). A reason could be that the plant uptake is regulated 
by biological control mechanisms, which maintain the wood concentrations 
within a narrow concentration range even with a large span of soil 
concentrations. At phytotoxic levels these mechanisms can break down and 
the concentrations in trees subsequently increase (McLaughlin et al. 2011). 
This indicates that the concentrations measured in the wood cannot be used to 
estimate the total heavy metal concentration in soil.  

A better correlation with the phytoavailable fraction of heavy metals in soil 
could be expected. Therefore, a comparison of the wood concentrations with 
the bioavailable concentrations in soil would be beneficial. Various 
extraction methods have been applied in order to determine the bioavailable 
fraction in soil, but an accurate method at this time does not exist (van Gestel 
2008). However, CaCl2-extraction is a common method to estimate the 
phytoavailable concentration of heavy metals (Basar 2009, Meers et al. 
2007). Consequently, this method was used by Algreen et al. (I ) to measure 
the easily extractable concentrations in soil. The wood concentrations versus 
the easily extractable concentrations in soil are shown in Figure 6B, where no 
clear correlations between the concentrations were found. This non-linearity 
of metal concentrations in wood and soil is consistent with studies of other 
lower plants (i.e ferns and flowers) and conifers (Tuovinen et al. 2011, 
McLaughlin et al 2011). 

This infers that the measured heavy metal concentrations in wood cannot give 
a quantitative estimate of the soil concentration. Nevertheless, tree coring can 
give an indication of whether the soil is highly contaminated with heavy 
metals shown by clearly elevated concentration levels in the wood (Algreen 
et al. I  and II ).  
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Figure 6: Measured concentrations of Cd, Cu, Ni and Zn in wood from willows and 
poplars from a Danish test site versus the total concentrations in soil (A) and the easily 
extractable concentrations (B). Lines represent linear fit (Poplar dotted), modified from 
Algreen et al. II . Black arrows = maximum typical Danish background levels in soil and 
white arrows = the cut-off criteria (Danish EPA 1998a and 2014c) (figure A).  
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3.2 BTEX compounds 
BTEX compounds are components of petroleum, oil and tar products. These 
products are widely used in large quantities and as a consequence BTEX are 
frequently found as contaminants in the terrestrial environment (Roost 2014, 
Danish EPA 1998c). Contamination of the subsurface can likely result from 
dump sites, leaks from underground tanks and pipelines, spillage during 
handling of the products, or accidents.   

BTEX are toxic for humans and the environment. Benzene is a known 
carcinogen, ethylbenzene is classified as a possible carcinogen, while there is 
inadequate evidence for the carcinogenicity of toluene and xylene rendering 
them not classifiable (IARC 2015). 

3.2.1 BTEX´s fate in the terrestrial environment 
BTEX are liquids lighter than and not miscible with water, thus they are 
categorized as Light Non-Aqueous Phase Liquids (LNAPLs). After a spill, 
the compounds will migrate downwards through the unsaturated zone under 
the force of gravity, while residuals are retained in the soil pores (Newell et 
al. 2015). For illustration see Figure 7. For large spills, the migration will 
continue until the plume encounters either a low permeable layer or the water 
table. At the water table, the LNAPL will spread laterally in the down 
gradient direction.  

Partitioning of BTEX in the subsurface occurs between four phases: LNAPL, 
gas in the pore air, dissolved in water, sorbed to the solid phase. The 
distribution among the phases depends on the soil properties including the 
organic matter, microorganisms and redox potential as well as the properties 
of the compounds (Newell et al. 2015). Selected properties for BTEX are 
given in Table 3.  

Table 3: Physical and chemical properties for BTEX at 20-25°C1.  

 Benzene Toluene Ethylbenzene Xylene 

Chemical structure 

    

Vapor pressure (Pa) 12700 3800 1270 880-1170 

Water solubility (mg/L) 1760 550 170 180-200 

Henry’s law constant 
(Lwater /LOctanol ) 

0.22 0.27 0.32 0.22-0.29 

Log K OW (Lwater /LOctanol ) 2.1 2.7 3.2 3.1-3.2 

1: Mackay et al. 1992 
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BTEX have relatively high vapor pressures and water solubilities (cf. Table 
3), thus these compounds tend to evaporate into the pore air or dissolve into 
the pore water. The tendency of the compounds to adsorb to soil is described 
by the octanol-water partition coefficient (log KOW), and the compounds 
tendency to transfer from the water phase to the air phase is described by the 
Henry’s law constant. BTEX have relatively low log KOW values and high 
Henry’s law constants (cf. Table 3), indicating that the compounds have a low 
tendency to sorb to solid phase but tend to volatilize from water into air.  

Natural attenuation by volatilization and biodegradation is important for the 
fate of BTEX compounds in the subsurface (Jindrova et al. 2002, Kao and 
Prosser 2001, Lahvis et al. 1999). BTEX are biodegradation fast by 
microorganisms under aerobic conditions (unsaturated zone); however, 
anaerobic degradation of BTEX can occur and also faster under e.g. iron-
reducing conditions (Salanitro et al. 1997a).  The free phase will not be as 
readily biodegradable, which may be due to the inability to create and 
maintain favorable conditions for the microbes, e.g. lack of oxygen (Newell 
et al. 2015). 
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Microorganisms

Unsaturated zone

Saturated zone

Pore 
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Figure 7: Conceptual model of LNAPL transport in subsurface and phase distribution. 
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3.2.2 Plant uptake of BTEX 
Another significant attenuation pathway for BTEX is uptake from the soil by 
plant roots followed by translocation to plant tissues above ground 
wherefrom the compounds can be phytovolatilized (Dettenmaier et al. 2009, 
Burken and Schnoor 1999 and 1998, Newman et al. 1997). The potential for 
uptake and translocation is related the log KOW. Log KOW values near 2 as for 
the BTEX allow significant plant uptake (Dettenmaier et al. 2009, Burken 
and Schnoor 1998).   

BTEX is phytotoxic, which can lead to reduced seed germination and plant 
growth (Salanitro et al. 1997b). 

3.2.3 Tree coring as a screening tool for BTEX 
During this project, tree coring has been applied as a screening tool at three 
sites contaminated with benzene, toluene, ethylbenzene, and xylenes above 
the Danish quality criteria (Danish EPA 2014b). Tree cores from mainly 
willows (Salix spp.) and poplars (Populus spp.) were sampled, but tree core 
samples were also collected from other tree species. The investigation of the 
feasibility of tree coring for detection of BTEX in the subsurface is presented 
in this PhD thesis; some parts are also presented in Algreen et al. III  or 
Martac et al. 2014.  

Concentrations in wood. BTEX were detectable by HS-GS/MS in some tree 
core samples from all test sites, though in relatively low concentrations (cf. 
Table 4). The low BTEX concentrations in wood are in agreement with other 
literature (Fonkwe 2015, Sorek et al. 2008, Trapp et al. 2001). During this 
PhD project toluene was the most frequently detected compound found in 
59% of the samples. The xylenes and ethylbenzene were measurable in 19% 
and 16% of the samples, respectively and benzene was the least frequently 
detected compound with measurable concentrations in only 7% of the 
samples. Low or limited detection of BTEX in the wood could be due to the 
natural attenuation of the compounds in the soil or the plant, as described 
above, whereby only small concentrations of BTEX are retained in wood. 
Burken and Schnoor (1999) have shown that translocation and 
phytovolatilization were more rapid for benzene than the other BTEX 
compounds, which can explain the low frequency of measurable benzene 
concentrations in wood found in this PhD project. In addition, the presence of 
tree can also increase the natural attenuation. First, trees induce daily water 
table fluctuations due to transpiration, which introduce air into the subsurface 
and potentially stripping off the volatile compounds. Second, the increased 
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amounts of oxygen and the root exudates can stimulate the BTEX 
degradation by microorganisms (Wilson et al. 2013, Weishaar et al. 2009, 
Barac et al. 2009, Collins et al. 2002, Trapp and Karlson 2001).  

Table 4: Average, median and maximum BTEX concentrations measured in tree cores 
from different test sites presented as headspace concentrations in vails with 4.5 ml water 
(µg/L). n = the number of trees sampled, the number in brackets = the number of samples 
above detection limit, n.d = not detected and n.a = not analyzed. 

  Benzene Toluene Ethylbenzene Xylenes

Szprotawa  

1st sampling 
campaign 

n=57 

Average 254 (2) 111 (21) 177 (4) 186 (4) 

Median 254 64 62 187 

Max 395 416 569 318 

Szprotawa  

2nd sampling 
campaign 

n=35 

Average 4.7 (7) 9.5 (33) 2.7 (22) 3.8 (23) 

Median 0.7 2.7 0.3 0.6 

Max 31.7 86.4 37.4 47.0 

Søllerød  

n=52 

Average 0.88 (3) n.a. n.d (0) 0.39 (1) 

Median 1.10 - - - 

Max 1.15 - - - 

Gentofte 

n=21 

Average n.d (0) n.a. n.d (0) 1.29 (3) 

Median - - - 1.31 

Max - - - 2.17 

 

Comparison to soil and groundwater concentrations. Wood concentrations 
were measured by tree coring at the Szprotawa, Gentofte and Søllerød test 
sites. At the Szprotawa test site good agreement was found between the 
concentrations measured in wood and in soil (near the groundwater table) 
based on BTEX concentration levels (cf. Figure 8) (Algreen et al. III ). The 
use of trees as bio-indicators was clearly useful to identify areas with 
contaminated soil. By comparing the wood concentrations statistically to the 
concentrations measured in soil and in the groundwater, significant rank 
correlations (�r��= 10%) were found between concentrations measured in tree 
cores and the soil samples (r2 = 0.6748, n= 14) and between tree cores and 
groundwater samples (r2 = 0.7714, n = 6) (Algreen et al. III ).  
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A 
 
Site name:  
Szprotawa, Poland 
 
Compound: 
BTEX 
 
Geology:  
Silt, sand and gravel 
 
Groundwater table: 
1.2 - 2.2 m bgs 
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Aircraft shelters

Engines heating

Storage area

100 m
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n.d
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Figure 8: Results from tree coring and measured soil concentrations from the Szprotawa 
test site (A) and the former fuel station at Szprotawa (B). Marks indicate sampled trees or 
soil concentraions (see legend). 
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The BTEX concentrations measured in wood from the Gentofte test site and 
the Søllerød test site were not in accordance with the concentrations found in 
groundwater (cf. Figure 9).  

 

A 
Site name:  
Gentofte, Denmark 
 
Compound: 
BTEX 
 
Geology:  
Fill, clay, sand 
 
Groundwater table: 
 5 m bgs 

No detection of BTEX in wood           

Detection of xylenes in wood

Detection of benzene i wood

Benzene/ sum TEX in groundwater [µg/L]

400/13.700 1600/9000

12/1680

130/6900

22/2000

<0.05/1.0

Gas

 
B 
Site name:  
Søllerød, Denmark 
 
Compound: 
BTEX 
 
Geology:  
Varying layers of 
silt, clay and clay till 
 
Groundwater table: 
 4 m bgs No detection of BTEX in wood           

Detection of xylenes in wood

Detection of benzene i wood

Benzene/ total hydrocarbon in groundwater [µg/L]

950/2100

7.8/300

1.9/23000
300/5900

<0.20/25

 
Figure 9: Tree coring results from the Gentofte test site (A) and the Søllerød test site (B). 
Marks indicate sampled trees. Groundwater concentrations were repoted in Jord-Miljø 
(2013) and Cowi (2011a). Marks indicate sampled trees or soil concentraions (see legend). 

 

The measured wood concentrations were very low with very few 
measurements above the detection limited (DL) (cf. Table 4). The detection 
of BTEX above the DL could be false positives caused by background 
concentrations apparently origination from the nearby traffic. BTEX 
background air concentrations have also been demonstrated by Fonkwe 
(2015) and Vroblesky (2008). These measurements are categorized as false 
positives. The risk of false positives can be minimized by the use of control 
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samples. Control samples including reference samples from a nearby non-
contaminated site and blank samples only containing air from the test site are 
recommended (Vroblesky 2008). In addition, no measurable concentrations 
were detected in wood in the areas where high BTEX concentrations were 
measured in the groundwater. These measurements are therefore categorized 
as false negatives. False negatives will limit the reliability of tree coring 
when screening for BTEX. However, the risk of false positives or negatives 
will always be present when applying tree coring as a screening tool, but the 
possibility of high density sampling can reduce the detriment of false 
detections.  

Inconsistent screening outcomes. Taking into account both the 
measurements obtained at the Szprotawa test site and the measurements 
obtained at the two Danish test sites (Gentofte and Søllerød) inconsistent 
results concerning the feasibility of tree coring as a screening tool for BTEX 
in the subsurface have been uncovered. It could be due to comparison are 
done to different media (soil or groundwater). Another reason could be found 
in the different subsurface conditions. At the Szprotawa test site the 
groundwater table is located approximately 1-2m bgs and the soil consists 
mainly of silt and sand (Algreen et al. III ). At the two Danish test sites 
(Gentofte and Søllerød), the groundwater table is found 4-5m bgs and the soil 
has low-permeable layers (Jord-Miljø 2013, Cowi 2011a). Thereby a more 
substantial unsaturated zone is found at the two Danish test sites (Gentofte 
and Søllerød). The lower groundwater tables will cause a deeper downwards 
migration of the BTEX, which together with the low permeable soil layers, 
can make the compounds be less accessible for the roots. Reasons for the 
lower accessibility could include longer total distance between the BTEX and 
roots, increased adsorption to the solid phase or increased biodegradation 
(Wilson et al. 2013).  

Tree species. To test the feasibility of different tree species as bio-indicators 
of BTEX in the subsurface, sets of birch/pine and willow/poplar (chosen 
based on their availability) with adjacent locations (mutual spacing of max 3 
m) have been sampled simultaneously at the Szprotawa test site. The results 
showed more detectable concentrations in pine than in birch (cf. Figure 10). 
Limited detection of BTEX in birch has also been reported by Fonkwe (2015) 
and Wittlingerova and co-workers (2013) measured lower concentrations of 
chlorinated solvents in birch compared to pine. Therefore, it seems that birch 
is not as suitable for tree coring when screening for volatile compounds. 
When comparing willow and poplar (cf. Figure 11) both tree species pointed 
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to the same contaminated areas (confirmed by soil sampling). Higher BTEX 
concentrations were measured in willow than in poplar (Algreen et al. III ). 

 

Pine                                Birch 

50 m

 
No or low BTEX level          Medium BTEX level         High BTEX level  

Figure 10: Tree coring results obtained by sampling of pine and birch at the Szprotawa 
test site. Marks indicate sampled trees. 

  

Willow                                     Poplar

100 m

 
No or low BTEX level          Medium BTEX level         High BTEX level  

Figure 11: Tree coring results obtained by sampling of willow and poplar at the Szprotawa 
test site. Marks indicate sampled trees. 
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3.3 PAHs  
Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds 
composed of two or more aromatic rings. Several hundred different chemical 
structures exist. A few PAHs have been selected to represent “priority 
contaminants” based on their structure and toxicity. In Danish soil focus is on 
fluoranthene, benzo(b)fluoranthene, benzo(j)-fluoranthene, benzo(k)fluor-
anthene, benzo(a)pyrene, dibenz(a,h)anthracene and indeno(1,2,3,cd)pyrene, 
but naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, pyrene and benzo(ghi)perylene are also included as “priority 
contaminants” by the US EPA (Jacqueline et al. 2002). Additionally, 
innumerable investigations have been conducted on benzo(a)pyrene (BaP) 
due to its carcinogenic properties, which is why BaP is used as an indicator 
species for PAH contamination (EU lex 2004).  

The PAHs can be subdivided into petrogenic or pyrogenic PAHs depending 
on their origin. The petrogenic PAHs are naturally present in crude oil and 
coal, whereas the pyrogenic PAHs are formed by incomplete combustion of 
organic materials e.g. from fires, waste incineration and car exhausts 
(Manzetti 2013). Many PAHs are associated with acute toxicity, genotoxicity, 
mutagenicity and carcinogenicity (IARC 2015). 

3.3.1 Fate of PAHs in the terrestrial environment 
PAHs are synthesized naturally and are therefore found ubiquitously in the 
environment. However, anthropogenic activities have also introduced large 
amounts into the terrestrial environment, where they are relatively persistent. 
The distribution in the environment depends on their inherent physico-
chemical properties, which differ with the number of aromatic rings in the 
molecule, some examples are given in Table 5. Smaller compounds are more 
volatile and more mobile than the larger compounds (Jacqueline et al. 2002). 
The larger PAHs (�H3 rings) are in general characterized by a low vapor 
pressure and a moderate to low Henry’s law constant, which makes them 
semi-volatile (KH = 10-7 to 10-3) to non-volatile (KH < 10-7). They are 
relatively insoluble in water and tend to sorb strongly to soil phase due to 
their hydrophobicity, by which they are less mobile in the subsurface. They 
also sorb to pyrogenic particles such as soot, by which they can be 
transported in the atmosphere over long distances (Sofowote et al. 2011).  
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Table 5: Physical and chemical properties for selected PAHs at 25°C. 

 
Chemical 
structure 

Vapor 
pressure 

(Pa)1,2 

Water 

solubility 
(mg/L) 3,4 

Log K OW
5 

Henry’s law 
constant 

(KH) 

(-)4 

Naphthalene 
 

10.4 34.8 3.30 2.0 x 10-2 

Phenanthrene  1.6 x 10-2 0.82 4.46 9.4 x 10-4 

Anthracene  8.0 × 10–4 6.6 x 10-2 
4.45 2.7 x 10-3 

Benzo(a)- 
pyrene  

 

5.9 × 10–6 1.8 x 10-3 5.97 4.6 x 10-5 

Dibenzo(ah)-
antracene 

 

2.5 × 10–7 6.0 × 10–4 6.50 6.0 x 10-7 

1: Wasik et al. 1983 ,  2: Lei et al. 2000,   3: De Maagd et al. 1998, 

4: Pearlman et al. 1984,  5: Hansch et al. 1995,  6: New Jersey EPA 2015.   

 

3.3.2 Plant uptake of PAHs 
The diffusive uptake from soil into plant tissues is expected to be very slow 
for highly lipophilic compounds such as PAHs. However, radish experiments 
in the laboratory were accomplished during this PhD project to investigate 
the potential plant uptake from different soils with different accessible PAH 
concentrations. The work is presented in Algreen et al. V and the main 
findings concerning plant uptake are outlined in the following. 

Radish seeds were planted in PAH containing soils. The total PAH 
concentration ranked from a natural background level to highly contaminated 
soil according to Danish standard (Danish EPA 2014b). One soil contained 
pretreated soot wherefrom the readily desorbing PAH fraction was removed, 
only leaving the desorbing resistant PAHs (Mayer et al. 2011). Plant uptake 
from the desorbing resistant PAHs was expected to be limited compared to 
soil with readily desorbing PAHs due to limited phytoavailability 
(Gouliarmou et al. 2015). After seven weeks the plants were harvested and 
the PAH concentrations in the roots and the stalks were measured. 
Quantifications of the PAH concentrations were only possible in 41 % and 36 
% of the root and the stalk samples, respectively. The limited quantification 
of the PAHs in the roots samples and the stalks could be an indication of 
limited PAH plant uptake (Paterson and Mackay 1994). But it could also be 
caused by relatively high quantification limits due to a small sample mass. 
However, the quantitative measurements clearly showed similar PAH 
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concentrations in plants grown in soils with readily desorbing PAHs 
compared to soils with desorption resistant PAHs. In general, the 
concentrations in the roots were higher compared to the measured 
concentrations in the stalk, which is in agreement with findings by other 
studies showing; if the compounds are entering the roots, large portions will 
be retained in the roots, so that translocation upwards can be negligible 
(Paterson and Mackay 1994, Trapp 2002, Trapp et al. 2001). This indicates 
that the plant uptake of dissolved PAHs from soil may contribute to the 
measured concentrations in the roots during the plant experiment, but are 
unlikely to contribute to the concentrations in the stalk. More likely, the 
concentrations in plant parts above ground stem from atmospheric PAHs, 
where PAHs can be accumulated in the outer part of the plant material 
(Simonich and Hites 1994, Wang et al. 2004). Based on this and the limited 
correlation between concentrations in roots and stalks (cf. Figure 12), is it 
expected that the measured concentrations in the stalks originate 
predominantly from air. 
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Figure 12: Average concentrations of selected PAH compounds in plants versus the soil 
concentration in various soil treatments. Green: Agricultural soil (background 
concentration level), red: Soil containing treated soot with desorption resistant PAHs 
(lightly contaminated), black: Soil containing untreated soot (medium level of 
contamination). Blue: Bioremediated industrial soil with a high level of desorption 
resistant PAHs (highly contaminated). Modified from Algreen et al. V.  
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3.3.3 Tree coring as a screening tool for selected PAHs 
The plant experiment showed that total PAH concentration in the soil did not 
control the uptake and translocation of the PAHs into the plant tissue (cf. 
Figure 12).  This clearly shows that it will be difficult measure the PAH in 
wood and then to relate the measured concentrations with concentrations in 
the subsurface, which makes the use of trees as bio-indicators for PAH 
contaminations in the subsurface impractical.  
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4 Tree coring as a screening tool 
Due to the simplicity and comparatively low-cost of tree coring, the 
screening with this method does not need to be limited to the areas pointed 
out by the historical site survey (which may miss unexpected contaminated 
areas), but can cover the entire site, if accessible, with high density sampling. 
This can be very beneficial during initial site investigations. In addition, a 
single tree core sample will represent a relatively large soil volume (see 
section 2.1.1). In the following sections some specific purposes and 
advantages of tree coring are outlined. 

4.1 Detection of unexpected contaminated areas 
The use of tree coring as a supplementary screening tool has been shown to 
reduce the risk of overlooking contaminated areas during initial site 
investigations. Several studies on chlorinated solvents have already proven 
the aptitude of tree coring for detection of unknown and unexpected 
contaminated areas, which were overlooked during conventional site 
investigations (Algreen et al. IV , Rein et al. 2015, Larsen et al. 2008). The 
same was proven during this PhD project at the Szprotawa test site 
contaminated with BTEX (see section 3.2.3 or Algreen et al. III ). A hot spot 
in the southern part of the site (cf. Figure 13 - map 1) was revealed by 
conventional groundwater sampling.   

 

Sampling points: Poplar
Basis for iso-contours

Other tree species sampled

100 m

Map 1: Conventional site  
investigation 

Map 2: Site screening 
by tree coring 

Map 3: Verification 

Figure 13: Concentration iso-contours of BTEX based on groundwater sampling (Map 1), 
tree core sampling (Map 2) and soil sampling (Map 3) at the Szprotawa test site. Modified 
from Algreen et al. III .  

 



32 

Subsequently, tree coring clearly identified this hot spot as well as an 
additional formerly unknown contaminated area in the northern part of the 
test site (cf. Figure 13 - map 2). This area had not been investigated by the 
conventional groundwater sampling as the data from the historical surveys 
showed no indications of potential contamination in this area. To confirm the 
results obtained by tree coring, soil samples near the groundwater table were 
collected in the two potentially contaminated areas, wherefrom BTEX 
contamination in the subsurface in both areas was confirmed (cf. Figure 13 - 
maps 3). 

This demonstrates that the gathering of historical information is not always 
sufficient evidence to accurately locate all of the contaminated areas of a 
prospective site, which emphasizes the need for an economic and rapid 
screening method such as tree coring that can be applied over an entire site if 
accessible.  

4.2 Location of unknown sources 
Another advantage of tree coring could be to trace unknown sources in a 
shorter time frame and a more cost efficient manner than by conventional 
methods (Region Sealand 2012, Graae 2011). For that purpose, the method 
was applied commercially for the first time in Denmark in a case with 
groundwater contaminated with chlorinated solvents (Region Sealand 2012, 
Sn.dk 2012). Perchloroethylene (PCE) concentrations up to 21 µg/L had been 
detected in drinking water supply wells in the small village of Ølsemagle, 
Denmark (Niras 2012a). Conventional initial site investigations to trace the 
source included 18 water samples from established wells, water streams and 
sampling points obtained by direct push technologies (GeoProbe). The site 
investigation confirmed the PCE contamination in the groundwater with 
maximum concentrations of 270 µg/L. However, the source was not 
identified based on this sampling campaign (Niras 2012a). The available 
historical data did not reveal any activities likely to cause PCE contamination 
in the area nor did an inquiry of the local public. Then, as a new initiative, 
tree coring was applied. Trees were growing throughout the nearby village 
and its surrounding area, of these 100 trees were sampled (cf. Figure 14).  
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PCE detected
in a tree

Groundwater flow

 

Figure 14: Overview of the Ølsemagle site. Red asterisks indicate contaminated drinking 
water supply wells, the red area represents the area of focus within the initial water 
sampling campaign and the white marks indicate sampled trees during the tree coring 
campaign. 

 

The tree core screening took one and a half days, had no damage to private 
property and the chemical analysis revealed significant PCE concentrations in 
a single tree (nr. 53, Figure 14) located upstream from the contaminated 
drinking water supply wells. To verify the outcome, soil gas measurements 
were done near the tree with elevated PCE concentrations. High PCE 
concentrations were also measured in the soil gas and the area was confirmed 
as the source area, see Figure 15a (Niras 2012b). These screenings were 
followed up by site investigations including soil and groundwater sampling, 
wherefrom the conceptual model of the plume shown in Figure 15b could be 
developed (Niras 2012b). An unknown scrap dealer was discovered at the 
location which is why no prior historical information had indicated that this 
area could be a potential source area.  
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Figure 15: Contour plots based on soil gas screenings (1-1.5 m bgs) near the tree where 
PCE was detected in the wood at the Ølsemagle site (A) and the conceptual model of the 
source area and plume concentrations (B). Modified from NIRAS (2012b). 

 

A similar case has also been reported by Sorek et al. (2008). Sorek and co-
workers collected tree cores from 13 randomly selected sites in Tel Aviv, 
Israel. At three of the sites chlorinated solvents were detected in the wood. 
Subsequently, groundwater monitoring wells confirmed groundwater 
contamination. At one of the locations a water supply well approximately 0.8 
km down-gradient of the tree with elevated contaminant concentrations had 
been closed due to PCE in the drinking water. But the source was until then 
unknown because of sparse historical information on the site use. However, 
after the tree core sampling campaign, interviews of long-term residents 
revealed former factory activities at the site.  

The Ølsemagle and Tel Aviv cases demonstrate that insufficient historical 
information also can be a big issue for tracing of unknown sources, which 
underline the need rapid and low-invasive screening methods which can give 
more effective site investigations. 

4.3 Tree coring compared to soil gas sampling 
Both tree coring and soil gas sampling appear promising as screening 
methods, which could supplement each other for initial site investigations. 
Soil gas sampling is a generally approved and commonly applied screening 
method, as seen in the case of Ølsemagle (section 4.2). Soil gas sampling is 
useful for volatile compounds in the unsaturated zone (Rivett 1995, Bishop et 
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al. 1990). Tree coring is still a relatively new technique where trees have 
shown to be useful as bio-indicators for both soil and groundwater 
contamination (Algreen III, Rein et al. 2015, Wittlingerova et al. 2013, 
Limmer et al. 2011, Sorek et a. 2008, Vroblesky et al. 2004, 1999), and able 
to take up and translocate both volatile and some non-volatile compounds 
(Algreen et al. I , II  and IV , Limmer 2014a, Evangelou et al. 2013, 
Dettenmaier et al. 2009, Stuckhoff et al. 2005, Pulford and Watson 2003, 
Trapp et al. 2001, Burken and Schnoor 1999 and 1998, Newman et al. 1997). 
To understand the advantages gained by the use of tree coring when 
compared to soil gas sampling, the two methods have been studied and results 
presented in Algreen et al. IV . The main findings are also outlined in the 
following. 

Tree coring and soil gas sampling were applied at two Danish sites: the 
Grindsted test site and the Platanvej test site. The geology at the sites differs 
with sandy soil at the Grindsted site and low permeable soil layers at the 
Platanvej site (Cowi 2011b, DGE 2007). The sites are contaminated with 
PCE (perchloroethylene) or TCE (trichloroethylene) as the main 
contaminants. PCE and TCE were widely used in the industry as dry cleaning 
or metal degreasing agents from approximately 1960 to 1980 (Doherty 2000a 
and b). Mishandling and uncontrolled disposal have released the chemicals 
into the environment, where they are often detected in groundwater (Huang et 
al. 2014, Squillace et al. 2007).  

Like tree coring, soil gas sampling is a semi-quantitative method useful to 
locate contaminated areas with compounds with high Henry's law constants, 
low boiling points and low sorption to organic matter and can be conducted at 
different soil depths in the unsaturated zone (Rivett 1995, Bishop et al. 1990). 
During soil gas measurements contaminants in the pore air are extracted by 
active or passive sampling and analyzed on site or in the laboratory. 
Standardized protocols for the method have previously been published 
(ASTM international 2012, ICCS 1998). Within this project, active sampling 
of soil gas sorbed on ATD (Automated Thermal Desorption) tubes for 
laboratory analysis was used for detection of PCE and TCE (except for the 
soil gas measurement at the Grindsted site in 2007 (Cowi 2011b)). This 
approach was used to minimize the need of specialized and heavy field 
equipment, whereby the method is more comparable with tree core sampling. 
A comparison of methodologies (tree coring versus soil gas methodologies) is 
given in Table 6. This scheme is useful for selection of a screening method 
and further details are described in the following. 



36 

4.3.1 Conceptual models  
To better understand the application of tree coring and soil gas sampling a 
conceptual model was developed (cf. Figure 16). In the conceptual model the 
capture zone of tree coring is larger than that for soil gas sampling due to the 
extensive root system of the tree. For deciduous trees in temperate zones the 
rooting depths are up to 2.9 m in average (see section 2.1.1). However, tree 
coring has been used to detect chlorinated solvents in groundwater with a 
water table as deep as 19 m bgs (Sorek et al. 2008). The volume sampled by 
soil gas measurements depends on the volume extracted and the soil porosity. 
However, a higher spatial resolution is possible by soil gas sampling because 
of the more controlled volume of extracted pore air, and because samples can 
be collected from predetermined depths. On the other hand, the soil gas 
sampling will to a greater extent be affected by the soil conditions e.g. 
challenging low permeable soil layers. Tree coring is only limited to 
locations where trees are growing, and trees can grow even in clayey, rocky 
and swampy soil conditions. Trees are also suitable bio-indicators at sites 
where the subsurface is problematic, such as buried installations or 
unexploded ordnance, as no drilling in the subsurface is needed (Holm et al. 
2011).  

To understand how tree roots and the soil gas sampling probe can reach the 
contaminants, it is important to understand the migration of the contaminants 
in the subsurface. The fate of heavy metals (section 3.1.1), BTEX (section 
3.2.1) and PAHs (section 3.3.1) has shortly been described in this PhD thesis. 
Additionally, a short description of the migration properties of chlorinated 
solvents in the subsurface will be given (cf. Figure 16) as the tree coring and 
soil gas sampling in this investigation were compared based on sites primarily 
contaminated with PCE and TCE. 
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Table 6: Overview on the methodologies of tree coring and soil gas sampling as site 
screening methods for contamination with chlorinated solvents. + indicates 
useful/beneficial. – indicates not useful/challenging. More +/- the better/poorer. From 
Algreen et al. IV .  

 
 

Tree 
coring 
(TC) 

Soil gas 
sampling 

(SG) 
Comments 

A
p

p
lic

a
tio

n
 

Useful at large sites 
e.g. brownfield  

+++ + 
TC is faster, more mobile and by default has a larger 
capture zone than SG 

Useful at small sites  ++ +++ 
SG can be applied in more discretized grid (both 
horizontal and vertical) 

Useful for location  
of hot spots 

+++ ++ 
TC is good for screening a larger area for possibly 
unknown hot spots; SG is good to further delineate 
contaminant sources at a smaller scale. 

Vapor plume  
delineation  

+ +++ 
SG is more sensitive and better for spatial resolution 
than TC  

Sensitivity to the  
soil properties 

++ - 

TC can be applied everywhere where trees are 
growing, as long as contamination is not too deep. SG 
cannot be applied in low permeable soils and in 
capillary or saturated zone. 

Restrictions of   
sampling  

++ ++ 

Installing the SG probe can be difficult depending on 
the soil structure e.g. stones, rocks or hard soil 
blocking the probe. For TC trees need to be present 
and the method is not useful indoors.  

Impact on the    
environment/     
surroundings 

+++ ++ 

Only small hand-held equipment is needed for 
sampling. For SG cross-contamination in the soil 
layers due to the drilling can pose a risk and drilling 
into problematic underground as well.  

Sensitivity of the  
method 

+ ++ 

Lower sensitivity of TC may be due to dilution of the 
contaminants because roots integrate over large 
capture zones, increased degradation of the 
contaminants in the root zone and in planta or 
volatilization of the contaminants from the plant tissue 
above ground 

Spatial resolution of 
the method 

+ ++ 
The size of the soil area and the sampling depth can 
better be adjusted during SG  

Mobility of the  
method 

+++ ++ Less equipment is needed for TC 

Applicability at 
problematic 
underground 

+++ - 
Unexplored ordnance, shallow pipes and cables can 
pose problems for SG, but not for TC 

S
a

m
p

le
 /

 A
n

a
ly

si
s 

Representation of 
large soil volumes 

+++ ++ TC have a large root zone.. 

Identification of the 
capture zone  

+ +++ 
The capture zone of SG depends on the soil porosity 
and volume extracted.  

Efforts needed for 
chemical analysis 

+ +++ A low DL is needed for TC 

Data treatment     
and interpretation 

++ +++ 
The data treatment is identical for SG and TC. The 
interpretation of data from TC can be more difficult 
due to e.g. the effects of the tree species.  

Level of detail + ++ SG can give information in the vertical  direction too 

Potential of false 
negatives 

- - - 
It can happen that the contaminants in soil or 
groundwater are not accessible for plant uptake or 
soil gas collection. SG are more sensitive  

C
o

st
s

 

Sampling +++ + Tree coring can be done very rapidly 

Analysis ++ ++ Similar 
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PCE and TCE are both immiscible with water and have a higher density than 
water; this categorizes them as a Dense Non-Aqueous Phase Liquids 
(DNAPLs). After a spill, the compounds will migrate downwards through the 
unsaturated zone leaving behind residuals of DNAPL (Bourg et al. 1992). In 
the unsaturated zone, these residuals will partly dissolve into the pore water 
and volatilize into pore air wherefrom the contaminants can be reached by the 
tree roots or the soil gas probe (Smith et al. 1997, Dawson and Pate 1996, 
Rivett 1995). In the saturated zone the contaminants will partly dissolve into 
the groundwater. A falling groundwater table due to e.g. transpiration by the 
trees will introduce a “new area” of the unsaturated zone where contaminants 
from the groundwater can volatilize into the pore air and migrate upward to 
the tree roots or the probe for soil gas sampling (Newell et al. 2015, 
Struckhoff et al. 2005). 

Plume

Residuals

Vapor
plume

Tree core
sampling

Soil gas 
sampling

Source

�; Below surface

�9Above water table

Pool

 

Figure 16: Conceptual model of tree coring, soil gas sampling and the migration and 
dissolution of DNAPL in the subsurface.  

 

 



39 

4.3.2 Application  
Iso-contour maps based on PCE or TCE concentrations measured at two 
Danish test sites (Grindsted and Platanvej) are shown in Figure 17 (Algreen 
at al. IV).  
 

 
Soil gas sampling 

  
. 

Tree Coring 

A 

Site name:  
Platanvej, Denmark 
 
Compound: 
TCE 
 
Geology:  
Varying layers of 
sand, silt, gravel,  
clay and clay till 
 
Groundwater 
table: 
 4.5 m bgs 

25 m

 
2007

 

 
2013

 
B 
 
Site name:  
Grindsted, 
Denmark 
 
Compound: 
PCE 
 
Geology:  
Sandy soil 
 
Groundwater 
table: 
 2.7 m bgs 

 

20 m

 
2010

 

 
2013

Figure 17: Concentration iso-contours of TCE PCE (B) obtained by soil gas sampling 
(mg/m3) and tree coring presented as headspace concentrations in vails with 4.5 ml water 
(µg/L) at the Platan test site. The darkest color indicates the highest measured 
concentration level and the lightest color the lowest detectable concentration.  n.d = not 
detected (<detection limit), <Q.L. = detected but below quantification limit. Modified from 
Algreen et al. IV .   
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Good agreement between the results from tree coring and soil gas sampling 
was found. Both methods were useful for locating the hot spots, but some 
variations were observed as a result of different sampling matrices (wood vs. 
pore air) and capture zones. Two observations of distinct differences between 
the used methods are worth mentioning. First, by tree more “non-detects” in 
the areas with low PCE or TCE concentrations in the subsurface were 
obtained. It may be due to: dilution of the contaminants as the capture zone of 
the tree is much larger than for the soil gas probe (cf. Figure 16); 
biodegradation of the contaminants in the rhizosphere and in plants (Shang et 
al. 2001, Newman et al. 1997); or phytovolatilization of the contaminants 
(Ma and Burken 2003, Burken and Schnoor 1999 and 1998). This indicates 
that tree coring is less sensitive than soil gas sampling. Second, an additional 
hot spot in the southern part of the Platanvej site was clearly indicated by tree 
coring, but only partly indicated by soil gas sampling (cf. Figure 17A). Site 
investigations have revealed high TCE concentrations in the groundwater at a 
depth of 8.5-10 m bgs and a low permeable soil layer in the unsaturated zone 
above the water table (Niras 2011). The low permeable layer likely acts as a 
barrier to migration of volatilized contaminants from the groundwater to the 
upper unsaturated zone where the soil gas was sampled (0.8 m bgs). The tree 
roots seem to penetrate the low permeable soil layer, which also have been 
seen in other studies (Vroblesky et al. 2004, Canadell et al. 1996). It allows 
for uptake of pore air and pore water from the low permeable layer and 
underlying shallow groundwater with contaminants. This indicates that trees 
may be useful as bio-indicators for contaminants in the unsaturated zone as 
well as in the groundwater (Larsen 2008, Sorek 2008), whereas soil gas 
sampling is limited to the unsaturated zone.  

The precisions of the two methods based on ten samples at one sampling 
point differ significantly. The measured concentrations by tree coring were 
between 20.4 µg/L and 155��µg/L (mean; 79.5 µg/L) with a relative percent 
difference (RPD) of 52%. For soil gas sampling the measured concentrations 
ranged from 7.90 mg/m3 to 10.1 mg/m3 (mean; 8.99 mg/m3) with a RPD of 8 
% (Algreen et al. IV ). The low precision of tree coring is not surprising as 
tree cores collected from different locations around the circumference of the 
stem are connected to different parts of the root system and therefore 
represent different parts of the subsurface (Limmer et al. 2013, Holm and 
Rotard 2011). Also, various transpiration rates due to different sun light 
exposure can cause concentrations difference around the tree (Larcher 1995). 
In addition, the calculations are based on µg/L per core in 4.5 ml water and 
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the small variations related to the sample size and water content of the wood 
will affect the precision (Larsen et al. 2008). However, during initial site 
screenings the focus is on the identification of contaminated areas rather than 
on the precision (PCE was measurable in all samples).  

4.3.3 Investigation costs 
The consideration of related expenses is also an important aspect for 
choosing the screening method, because usually only a limited budget is 
available for site investigations (see section 1.1.2 and 1.1.3). The costs for 
one day of sampling by the two methods are similar, but the number of 
samples obtained differs. For tree coring, 40 trees can be sampled in one day, 
whereas soil gas sampling is more time consuming and only 15 samples can 
be collected in the same timeframe. If the cost estimate is based on identical 
numbers of sampling points, the price of soil gas sampling is twice that of 
tree coring (Algreen et al. IV ). In addition, due to the relatively large root 
system a greater soil volume can be screened by the use of tree coring. 

4.4 Comparison of tree coring results to other 
screening methods 

The results obtained from tree coring as a screening tool for chlorinated 
solvents has also been compared to results from more advanced direct-push 
technologies. Rein and co-workers (2015) have compared tree coring with 
direct-push sampling of shallow groundwater. The results reveal good 
agreement between the samples collected in areas with high groundwater 
concentrations and less agreement in areas with lower concentrations. At all 
points where TCE was measured in the groundwater, the compound was also 
detected in the wood (no false negatives). In addition, the trees also indicate 
contamination in areas inaccessible for the direct push equipment (wetland). 
Larsen and co-workers (2008) have compared tree coring with the direct-
push-based technology MIP. MIP investigations were applied in the 
potentially contaminated areas where prior tree coring had shown relatively 
high concentrations in the wood. A very strong correlation was found 
between the results from the MIP investigations and the tree coring.  

Tree coring at BTEX contaminated sites has also been compared to results 
obtained by parallel sampling of soil gas, direct-push based groundwater 
sampling and other direct-push technologies by Algreen et al. (III ). Based on 
the concentration iso-contours a good agreement between the methods was 
found. In addition, high rank correlations between soil gas sampling and tree 
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core sampling by willows were found. Finally, some correlation was found 
between tree coring, groundwater monitoring and soil gas sampling (Algreen 
et al. III ). 
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5 Conclusions and recommendations 
The first objective of this PhD project was to test the feasibility of tree coring 
for heavy metals. Investigations showed that the evaluation of the wood 
concentrations had to be based on a statistical comparison of concentrations 
in wood from the potentially contaminated test site with concentrations in 
wood from a reference site. Field investigations revealed significantly 
elevated Zn, Cu, Cd and Ni wood concentrations from trees grown at a highly 
contaminated site (concentrations above the Danish cut-off criteria). Trees 
from moderately to lightly contaminated sites (above the soil quality criteria, 
but below the cut-off criteria) had less or no significantly elevated heavy 
metal concentrations in the wood samples compared to samples from the 
reference sites. The concentrations in wood could not be linearly correlated 
with concentrations in soil, neither with the total soil concentrations nor the 
concentrations in the solution. Among the tested tree species, willows and 
poplars took up heavy metals in the highest concentrations, and the difference 
in wood concentrations from the test site and a reference site was more 
pronounced for willows than for poplars.  

The second objective of this PhD project was to test the feasibility of tree 
coring for BTEX compounds. The use of tree coring as a screening tool for 
BTEX is challenged by natural attenuation, including biodegradation and 
volatilization of the compounds, resulting in relatively low wood 
concentrations which can lead to false negatives. False negatives were 
observed at sites with a deeper lying groundwater table and low permeable 
soil layers. However the method showed to be useful to locate contaminated 
areas on locations with shallow groundwater tables. Additional challenges 
may be cross-contamination from e.g. air resulting in false positives; control 
samples are therefore recommended. Among the tested species, both poplars 
and willows were able to detect contaminated areas with the highest 
concentrations measured in willows. Significant rank-correlations between 
wood concentrations and concentrations measured in soil, groundwater and 
soil gas were found in some cases.  

The third objective of this PhD project was to compare the feasibility of 
tree coring to soil gas sampling, which was based on measurements of 
chlorinated solvents. Good agreement was found between the screening 
results, although the sensitivity and precision of tree coring were lower than 
that for soil gas sampling. However the tree roots seem able to penetrate low 
permeable soil layers, which allows contaminant uptake by trees from 
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underlying soil layers or shallow groundwater. The results from the two 
methods showed them to be complementary of one another. Therefor choice 
between either methods should be based on the purpose of the site 
investigation and the specific site conditions. Tree coring is preferred over 
soil gas sampling for initial site screenings; particularly, at large sites, at sites 
where drilling can be risky, at sites with low permeable soil layers, wetlands 
or at sites inaccessible with heavier equipment.  

The last objective of this PhD project was to investigate the PAH uptake into 
plants from different soil matrices to estimate if tree coring could be useful 
for PAHs. It was found that the plant uptake of PAHs was not controlled by 
the soil nor the bioavailable concentrations in the soil, and that the PAH 
content in plant tissues above ground was more affected by deposition from 
air. This makes the use of trees as bio-indicators for PAH contamination in 
the subsurface impractical. 

The overall aim of testing the feasibility of tree coring was to obtain more 
efficient site investigations when dealing with contaminated sites. Based on 
the knowledge acquired during this PhD project, tree coring is found 
valuable as an initial screening method to locate contaminated areas by which 
the risk of overlooking contaminations is reduced principally at large sites or 
at sites where historical information is found to be insufficient. The purpose 
of tree coring should be to focus more invasive or costly methods, such as 
direct push technologies, borehole drillings and installation of groundwater 
monitoring wells. It can lead to more reliable site investigations without 
considerable cost elevation. Tree coring is highly recommended as a 
commercial screening tool to locate contaminated areas and in particular 
unknown source areas with chlorinated solvents. It is also recommended to 
implement tree coring as a screening tool for BTEX, where additional field 
sampling can clarify for which site conditions the method is reliable. Tree 
coring will usually not be superior over soil sampling for screening of heavy 
metals, because the benefits of tree coring is not sufficient when compared to 
the uncertainties associated with the method. Exceptions can be at rocky 
sites, at site where drill poses a risk or urban areas with inaccessible soil. 
Tree coring is not found recommendable as a bio-indication for elevated PAH 
concentrations in soil.   
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