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Preface

The work reported in this PhD thesis tided “The feasibility of tree coring
as a screening tool for selected contaants in the substace”, was carried
out at the Department of EnvironmenEaigineering, Technical University of
Denmark (DTU). The thesis is based research undekan from July 2011
to April 2015 under the supervision &frofessor Stefan Trapp, Associated
Professor Mette M. Broholnna Professor Philipp Mayer.

The research was primarily conducteddatU with an exteral research stay
at the Department of Environmentali&tce, Aarhus University, Roskilde,
Denmark.

This project was funded by DTU artde European Commission's Seventh
Framework Programme (FP7) (Frot 265364; TIMBRE - Tailored
Improvement of Brownfield®Regeneration in Europe).

The thesis is organized itwo parts: the first pa puts into context the
findings of the PhD in an introductiveview; and the second consists of the
papers listed below. Theséll be referred to by their paper number given as
Roman numeralsV .

| Algreen, M.; Rein, A.; Legind, C.N; Amudsen, C.E.; Karlson, U.G,;
Trapp, S. (2012). Test of tree reosampling for screening of toxic
elements in soils fim a Norwegian site.

International Journalof Phytoremediationl4, 305-319.
Open access:
http://www.tandfonline.com/doi/abs/110080/152265142011.620648#.VTDSIk0cQ5g

Il Algreen, M.; Rein, A.; Trapp, S. (@4). Phytoscreening and
phytoextraction of heavy metals Banish polluted sites using willow
and poplar trees.

Environmental Science and Pollution Reseaith.8992-9001.
Open access:
http://link.springer.com/article/10.1007%2Fs11356-013-2085-z

Il Algreen, M.; Kalisza, M.; Stalder, M.; Martac, E.; Krupaneka, J.;
Trapp, S.; Bartke, S. (2015). Effeativand reliable siteharacterization
at megasites by the use mfe-screening methods.

Environmental Science and Pollution Reseatalpress.



IV Algreen, M.; Trapp, S.; Jensen, B. Broholm, M.M. (2015).
Tree coring compared to soil gaampling for detection of PCE and
TCE in the subsurfac&ubmitted April.

V Algreen, M.; Gouliarmou, V.; Trapp, S.Karlson U.G.; Mayer, P.;
(2015). Limited plant uptake of th@esorption resistant native PAHs in
soot and soilSubmitted March.

In addition, the following publications leed to the topic othe thesis were
written during the PhD project, babt included in the thesis:

Algreen, M.; Trapp, S. (2014). Guidelinf®r application of tree coring
as an initial screeningool for typical pollutats in the subsurface.
TIMBRE project, FP7- ENV-2010.3.5-2, contract no: 265364.
Available at: http://www.timbre-project.eu/

Martac, E.; Trapp, S.; Clausen, LAlgreen, M.; Stalder, M.;
Krupanek, J.; Kalisz, M.; Fatin-Rge, N. (2014). Comparative study
of DP-based site investigatiompproaches and potential in situ
remediation techniquesnodel-assisted evaluati of advantages and
un-certainties. TIMBRE project, FPENV-2010.3.1.5-2, contract no:
265364. Available at:ttp://www.timbre-project.eu/

Trapp, S.;Algreen, M.; Rein, A.; Karlson, U.; Holm, O. (2012).
Phytoscreening with tree coref. 133-148). In: Kastner, M.;
Braeckevelt, M.; Déberl, G.; Cassia®,; Papini, M.P.Leven-Pfister,
C.; van Ree, D. (ed) Model-drivesoil probing, site assessment and
evaluation - Guidance on technologie8apienza Univesita Editrice.

In this online version of the thesid)e papers are not included but can be
obtained from electronic ade databases e.g. viaww.orbit.dtu.dkor on
request from:

DTU Environment

Technical University of Denmark
Miljoevej, Building 113
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Summary

Chemical release resultifigom inadequate care ithe handling and storage
of compounds has ultimately led tolarge number of contaminated sites
worldwide. Frequently found contanants in the terrestrial environment
include BTEX (benzene, toluene, ethghzene, and xylenes), heavy metals,
PAHSs (polycyclic aromatitiydrocarbons) and chlorinated solvents. The large
number of contaminated sites has createxked for effectivand reliable site
investigations.

In this PhD project theefasibility of tree coringas a screening tool for
selected contaminants ingflsubsurface has been istigated to obtain more
efficient site investigations. Trees haaenatural ability taake up water and
nutrients from the subswa€e; consequently, contamaimis can also enter the
roots and be translocated to planttpaabove ground wdre they will be
absorbed, degraded or phytovolatilizédpending on their physico-chemical
properties. A small sample of the wogd tree core) can be collected and
analyzed to give information on potentsubsurface contaimation. To date
the focus of tree coring has mainlgdn on the use as a screening tool for
chlorinated solvents including perché@thylene (PCE) and trichloroethylene
(TCE), where the method has been laggp with successThe results also
showed that the measurememwill be affected by vaous factors such as soil
properties, climate comitbns, sampling procedurethe tree species and
especially the contamamts of interest.

The purposeof this PhD projects comprised of twg@rimary objectives: (1)
to investigate the feasily of tree coring of dferent tree species as a
screening tool for heavy metals, BTEXd PAHs in the subsurface and (2) to
investigate under which conditions and fwhich purposes tree coring is a
viable substitute for estabhed site screening method.g. soil gas sampling.
The first objective was achieved thgiutree core sampling campaigns from
different tree species (e.gvillow, poplar, birch, cekrry, and ash) at sites
contaminated with heavy metals, TBX or chlorinated solvents. The
measured wood concenti@s were compared teoncentrations in soil,
groundwater or soil gasn addition, a laboratory gtly has been conducted to
investigate the plant uptake ofAR from different soils. The second
objective was accomplished by comparimgpod concentrations attained
through tree coring to measurements soil gas, soil and/or groundwater
attained through establisheilescharacterization methods.



The site investigations shad that the use of tremring as a screening tool
for heavy metals and BTEX in theulssurface is more complex than for
chlorinated solvents.

Heavy metalswere expected to be goodnchdates for tree coring due to
natural uptake mechanisms of essdnhiaavy metals, but the use of tree
coring to detect elevated heavy metahcentrations in soil is challenged by
the presence of background concatitns. Therefore, a statistical
comparison of the woodoncentrations measuresh trees grown at a
potentially contaminated site and trefesm a nearby non-contaminated site
(reference trees) is nesasy. This approach hatemonstrated significantly
elevated concentrations afnc (Zn), copper (Cu)¢admium (Cd) and nickel
(Ni) in trees grown at ghly contaminated sites, while less or no significant
elevated concentrations were foundtiees from less contaminated sites. In
addition, non-linear relatnships were found betweeonncentrations in wood
and soil.

BTEX have similar physico-chemical preqties as chlorinad solvents, so
was expected that BTEX also wdube good candidates for tree coring.
However, the application of tree rtiog to locate BTEX-contaminated areas
can be difficult as natural attenuatiohthe compounds (e.g. biodegradation
and volatilization) may resuin relatively low comrentrations in the wood.
Although difficult, investigitions have shown thabme BTEX contaminated
areas can be detected by tree coring tad the concentrations of BTEX in
wood can be correlated those in soil gas, soil ggroundwater. Precautions
implemented to prevent cr@sontamination have alshown to be important
because it can otherwise lead fdse positives. Among the sampléce
species willows and poplars were the mastitable species for tree coring,
since they were able to take upeavy metals and BTEX in highest
concentrations.

The laboratory study oPAH plant uptake from soill®wed that the plant
concentrations werenot controlled by total soilconcentrations or the
bioavailable fraction in t soil. Concentrations @asured in plant tissue
above ground were more affted by deposition from air.

The comparison of tree coring and sgihs sampling for application as
screening tools fochlorinated solventsshowed that the two methods are
complementary, which is why the clei of method to be used should be
based on the specific purpose of the smeestigation and the specific site
conditions.

VI



In general, tree coring is a verypid and low-invasivescreening method,
which provides an economic advangatp current methods. The low costs
associated with tree dag allow for a high samplip density. This, together
with a relatively large sbvolume represented by taee core, has shown to
reduce the risk of overlooking contamiaedtareas and is a valuable method
for the identification of previously umown source areas within a short time

period.

VI
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Dansk sammenfatning

Over hele verden har harding og opbevaring af kekalier medfart et stort
antal forurenede lokaliteter. dgle af de hyppigst forekommende
miljgfremmede stoffer pa lokaliterne er BTEX (Benzen, Toluen,
Ethylbenzen, og Xylener), tungmetallePAHer (PolyAromatiske Hydro-
karboner) og chloreredeoplgsningsmidler. Det hej antal forurenede
lokaliteter har skabt et @t behov for effektive og palidelige undersggelses-
metoder til at pavise og lokaéise de forurenede omrader.

| dette Ph.d. projekt er anvendelighadef treeer som bio-indikatorer for
jordforurening undersggt som screegsmetode for forskellige miljg-
fremmede stoffer for at opna meréfektive jordforureningsundersggelser.
Ved hjeelp af treeernes naturlige trammapon kan kemikalier i jorden optages
via treergdderne og fordeles rundt til gkshele over jorden, hvor de enten
absorberes, nedbrydes eller fordampigrluften afheaengigtaf stoffernes
fysisk-kemiske egenskaheYed at indsamle og anedere en lille prgve af
veddet fra treeets stamnfen treekerneprgve) kanrgforureninger pavises.
Til dato har metoden primeert veerahvendt som screeningsveerktgj for
chlorerede oplgsningsmidler swin  perchloroethylen (PCE) og
trichloroethylen (TCE) i jord og grulvand. Hertil harmetoden vist sig
yderst anvendelig. Disse usidggelser har ogsa visat maleresultaterne
pavirkes af jordbundsforholdeneklimaet, de anvendte traesleegter,
fremgangsmaden for prgvetagningen itge mindst af de miljgfremmede
stoffer selv.

Formalet med dette Ph.d. projekt haveeret: (1) at undersgge
anvendeligheden af treeer som bmnalikatorer for jordforureninger med
tungmetaller, BTEX og PAH, samt (2} undersgge under hvilke forhold og
til hvilke formal brugen af treekerner eevinstgivende iforhold poreluft
malinger (en metode som akele anvendes kommercielTil dette formal er
feltundersggelser blevet watt pa lokaliteter fortenet med tungmetaller,
BTEX eller chlorerede oplgsningsmidleDer er udtaget treekerneprgver fra
traesleegter sasom pil, poppel, birk, kivser og ask, og maleresultaterne er
sammenlignet med koncentrationer miatoreluft, jord og/eller grundvand.
Derudover har der veeret udfert &boratorie forsgg for at undersgge
planteoptaget af PAH fra forskelliggorde med forskellige total- og
biotilgeengelige koncentrationer.



Feltundersggelserne vistat anvendelsen af treeeom bio-indikatorer for
tungmetal- og BTEX jordforurening enere vanskelig rd ved anvendelsen
til chlorerede ogsningsmidler.

Det var forventet atungmetaller ville veere gode kandater for metoden,
grundet treeers naturlige optag afsestielle tungmetalle Men brugen af
metoden er udfordret af, at tungméta netop er naturligt forekommende i
miljget, og det er derfor er detgdvendigt at sammenligne de malte
koncentrationer treeveddet fra empotentiel forureet lokalitet med
koncentrationer malt i traeer fra emeerliggende ikke-forurenet lokalitet
(reference traeer). Ved denfremgangsmade har detsvisig muligt at pavise
signifikant forhgjede niveauer afrd (Zn), kobber (Cu), cadmium (Cd) og
nikkel (Ni) i veddet fra teer voksende pa steerktrurenede omrader. De
malte niveauer i veddet fitaeeer pa mindre forurenedenrader var generelt i
mindre grad eller slet ikke sidikant forhgjet sammenholdt med
referencetreeer. Derudover har déta kunnet findes en lineser sammenhang
mellem koncentrationer malt i hhv. treeved og jord.

Treeer som bio-indikatorer f@TEX forurenet jord asds ogsa som veerende
muligt, da BTEX har fgisk-kemiske egenskabesammenlignlige med dem
for chlorerede oplgsningsdier. Men brugen af treesom bio-indikatorer for
BTEX pavirkes af den hgje bionegilning og fordampning der sker af
stofferne fra jord og plante, hvilkke medér lave koncentrationer i veddet.
Alligevel har undersggelserne vist, tadeer under vise omsteendigheder kan
pavise BTEX forurenede omrader ogBRfEX niveauerne malt i treeveddet er
korreleret til koncentratiomemalt i jord, grundvand ogoreluft. Dog skal der
tages forholdsregler for kontamineg af prgverne, hvilket ellers kan
medfgre falske pavisninger af jdedurening. Blandt de undersggte
traeslaegter er de hgjeste koncentrationertahgmetal og BTEX malt i pil-
0og poppeltreeer, hvorfor disse sleegégrses som veerendmdst egent som
bio-indikatorer for jordforureninger.

Laboratorieforsgget visteat planteoptaget alPAH fra jord ikke var
kontrolleret af total-koncentrationenlex de biotilgeengelige koncentrationer
i jord. Koncentrationernandlt i plantedele over jden var i hgjere grad
pavirket af koncenttgoner fra luften.

Ved sammenligning af treekneprgver og poreluftribger som screenings-
veerktgj til chlorerede oplgsningsmidler blev det vist at metoderne er
komplementerende, og valgaf metode bgr derfor bares pa formalet for
forureningsundersggelsen og deedfikke lokalitets forhold.



Generelt er maling pa traekerner bortig, nem og e&nomisk favorable
screeningsmetode, hvormed det ewligt at udfgre prgvetagning i et
teetmasket prgvegitter. Dette, sammddhaned det storgordvolumen en
treekerneprgve repraesenter, vitisikoen for at overse uventede
jordforureninger reduceres og chancendbopspore ukendte kilder inden for

en kort tidshorisont gges.
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1 Introduction

Emissions of contaminants into theveronment increased with the industrial
revolution and the technolozdl development in the T9century (Swartjes
2011). The soil was used as a sink flastance for progction waste where
chemicals were often deposited onetlground, resulting in substantial
contamination of the subsurface. fhg the 1970’s the awareness of the
harmful impacts of soil contamitian, was raisedand during the 1980’s
efforts related to soilnivestigations were intengfd (Lamé 2011). Today, the
major contaminants found in the testrial environment in Denmark and
Europa are: mineral oil, BTEX (benzentoluene, ethylbenzene, and xylenes)
and heavy metals. PAHpolycyclic aromatic hydrcarbons) and chlorinated
hydrocarbons (CHC) also account farsignificant fraction, see Figure 1.
(Roost 2014, Liedekerket al. 2014).

Denmark Europe

Mineral

Mineral oil 23%

oil 29%
PAH 13%

PAH 9%
Heavy

NEES
34%

Heavy
NEES
18%

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

In Europe, the estimated number of gmtially contaminated sites is 2.5
million (Liedekerke et al. 2014). By2012, 30.411 Dash sites were
identified as contaminated or potetiyacontaminated (Rnish EPA 2014a).
This large number of potentially contamated sites emphasizes the need for
effective site invesgation.



1.1 Investigations of contaminated sites

For investigations of potentially contamaited sites, a standardized approach
has been developed in Denmark aswen in Figure 2 (Danish EPA 2014a).
The steps may differ from country t@untry but the overall approach is
internationally well recognised (Lamé 2011).

Y AE35-60 sites excluded.
. No contaminating

3"} activities identified.
O
2

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

< Initial site investigations /EAdditional 10-20 sites excluded.
% [20-50 sites] No contamination was found.
’&’6
2 Mapping at Knowlegde Level 2 /EAdditional 5-20 sites excluded.
[10-30 sites] The contamination do not pose a risk for

the groundwater or use of the area.

% AEAdditional 4-6 sites, no further effort.
%‘ The contamination do not pose a risk for the
6,_ groundwater or use of the area.
[
\I}é
@%
)

AESite investigations closed.

Figure 2: The steps in the Danish public effort gife investigationgncluding estimations
of the allocation of sites in each stepseéd on 100 sites. Modified from Danish EPA
(2014a).

1.1.1 Standardized approach

Initially a preliminary investigation iperformed to obtaitknowledge of the
(former) site activities, whit may have given rise toontamination. This is
done by a historical site survey and ithuactivities are iddified, the site is
mapped at Knowledge Level 1 (ICCS 200This preliminary investigation
forms the basis for any flowing site investigationsinsufficient preliminary
investigations may lead to a biasednclusion about soil quality, whereby
contaminated sites can incorrectly lassified as uncontaminated. In
addition, the.sampling campaigns durittge subsequent sitevestigations
may be inaccurately placed wherebgntaminated areas can be overlooked.
In Denmark, 14.582 sites were identdi@as sites of concern at Knowledge
Level 1 by 2012 (Danish EPA 2014a).



Sites identified at Knowledge Levd are candidates for an exploratory
investigation. Exploratorynvestigations normally inalde site investigations
by conventional methods (Ddberl et 2012). The detection of contamination
will place the site at Knowledge Lelv@ and the need for detailed site
investigations (additional sampling amgaybe monitoring) is assessed. The
goal of the investigations to provide the inform&in necessary to perform
risk assessment and ascertain whettiee contaminatin poses risks to
ground-water and/or human héma(Overheu et al. 2014).

1.1.2 Conventional methods for site investigations

Conventional site investagions commonly involverilling near the potential
sources found during the historical sgarvey (Dd6berl et al. 2012, Danish
EPA 2009). In connectiowith the drilling, soil senples are collected and
well screens are installedr groundwater samplinglThe sampling strategy,
i.e. the density and depth of sanmgjipoints, depends ahe purpose of the
site investigations inading the demand on safegategory of contamination
and the properties of the contamms (Danish EPA 2000 and 1998b).
However, the total number of samplipgints is kept at a minimum due to
high start-up costs and limited dgets (Doberl et al. 2012).

1.1.3 Challenges and opportunities

Investigation of contaminated sites mag a time consumg and costly task.
In Denmark, approximately 400 moh DKK per year are spent by the
regional authorities on the managemeof soil and groundwater
contamination. In 2012, “only” appximately 70 million DKK of the budget
was used for site invesagons (initial and detagld investigations) (Danish
EPA 2014a). This illusttas the limited resourceasvailable; consequently,
prioritization among sites and specifimgaling strategies (i.e. placement and
number of samples) is necessaijhe sampling stragyy should reflect a
balance between the resources avadabhd the risk of not finding an
unknown or unexpected contaminate@arThus, considerable uncertainties
are involved with conventional sitenvestigations due to insufficient
historical information and/or low sartiipg density (Wycisk et al. 2013, Rein
et al. 2011). The uncertainty can beduced by applying a denser sampling
grid; however, this is unlikely to bedsible with the @nventional screening
methods, especially at large sites (Dilet al. 2012). Instead, the application
of cost-effective and fast initial smening methods with higher sampling
density will be useful during initial & investigationsA screening method
can give an overview of &hentire accessible siteithout considerable cost



elevation. The results obtained by initiatesening can be used to better plan
the placement of more invasive metls like direct push technologies or
more costly initiatives such as indtdlon of groundwatemonitoring wells.
This will make site investigations mosdficient and reduce the uncertainties
of overlooking contaminatedreas (Algreen et alll andIV, Ddberl et al.
2012, Rein et al. 2011).

1.2 Phytoscreening

Phytoscreening is a cost-effectivadarapid screening method which uses
vegetation as a bio-indicator foromtaminants(Algreen and Trapp 2014,
Trapp et al. 2012, Burken et al. 201I0he principle of phytoscreening used
for subsurface contamination, is thaintaminants aréaken up by the plant
roots and translocated upwards to plssue above ground (Dettenmaier et
al. 2009, Ma and Burken 2003, Newmahal. 1997). The plant tissue can
then be sampled and analyzed foontaminants, which may reflect the
contamination in the subsurface (Vrebky 2008). A varietyof plants (e.g.
vegetables or trees) and plant partgy.(éeaves or woodgan be useful for
phytoscreening (Trapp et.&012, Stefanov ail. 2012, Gopalaishnan et al.
2007). Trees are preferred due to thamge root system, which integrates
over a large capture zonendathe all year availabilityf plant materials in
the form of wood. The collection of woahmples from trees can be done by
coring; this method is termede& coring (Algreen and Trapp 2014,
Vroblesky 2008). Tree coring has e&dy been applied repeatedly and
successfully to locate subsurface contation of chlorinated solvents (Rein
et al. 2015, Limmer et al. 2011, Lars et al. 2008, Sorek et al. 2008,
Vroblesky et al. 2004 and999). However, to date the research on the
feasibility of treecoring for other compounds is more limited.



1.3 Aim and objectives of the PhD project

As tree coring has shown to be aefid screening method to detect
chlorinated solvents in theubsurface, it is pertinemd test the feasibility of
the method for other groups of contamums. Relevant contaminants include
heavy metals and BTEX because both &requently found irthe terrestrial
environment. Some heavy metals (ecgpper, nickel and zinc) serving as
essential elements are taken up withnspiration water and BTEX have
similar physico-chemical propertie(such as water solubility; & and
Henry’s law constant) as chloringtesolvents (PCE, TCE), which makes
these compounds likely candidates faeticoring. PAHs are another frequent
group of contaminants, where some &rmwn to sorb strongly to the soil
matrix leading to low freely dissodd concentrations. The low freely
dissolved concentrationwill limit the avalability for trees, which could
reduce the usefulness of tree corfiog these compounds. Knowledge about
the PAH plant uptake from tlerent soils and subsequietranslocation will
be a good indicator for the feasibility &fee coring as a screening tool for
PAHSs in the subsurface.

Commercial use of tree coring could &g a screening method for initial site
investigations, which reqres methods that are cesffective and can be
applied rapidly. Howeversoil gas sampling isn@ther screening method
which already exists and has been leggb commercially wth success. For
tree coring to gain commeastdivalue, the overall advaages gained by use of
the method need to be claeifl, in particular, it Bould be identified for which
purposes tree coring would be benefi@ompared tsoil gas sampling.

Therefore, the aim of this PhD projdtas been to investage the feasibility
of tree coring as a screening tool fofested contaminants in the subsurface
and to investigate under which conditicarsd for which purposes tree coring
can be advantageous comparedotber screening methods. The specific
objectives of the Phlproject are:

Objective 1: Test the feasibility otree coring for selded heavy metals in
the subsurface.
Hypothesis: Metals are ubiquitolysfound in the environment,
where some are essential to plsntherefore the occurence of
heavy metals in wood alone 0 sufficient indicator for
subsurface pollution, and a carison to reference trees is
needed.



Objective 2:

Objective 3:

Objective 4:

Test the feasibility of tree c¢mg for BTEX compounds in the
subsurface.

Hypothesis: It is expected eie coring may be useful to
detected BTEX in the subsucta because BTEX have similar
physico-chemical properties aslohinated solvents for which
the method have been useful. fdowever natural attenuation
may cause low concaations in wood.

Compare the feasibility of tremoring to soil gas sampling.
Hypothesis: Tree coring isa rapid and cost-effective
screening method useful as aresning tool for detection of
hot spots or unknomwsource areas.

Investigate the PAH uptake fromfiirent soils into plants.
Hypothesis: Sorption of PAHs the soil matrixresults in a
desorption-resistant fractionywhich will lead to a limited
potential for the plant uptke of PAHs from soil.

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

Figure 3: Overview of research topics in focus within this PhD project and the outcomes
in form of publications.



2 Tree coring

The use of trees as bio-indicators subsurface contamination began in the
1990’s. Groundwater contamination wiawestigated by angsis of element
concentrations in individual treegings (Yanosky and Vroblesky 1992,
Vroblesky and Yanosky 1990%ubsequently, analysef organic compounds
in tree cores began with the purposf revealing current groundwater
contaminations (Vroblesky et al. 1999992). Today, the method has been
applied at numerous sitesdis generally useful fodetection of subsurface
contamination with chlorinated solven{®ein et al. 2015Limmer et al.
2011, Sorek 2008, Larsen &t 2008, Vroblesky edl. 2004). This despite the
fact that the wood concentrationsries based on the spific site, tree
species, climate conditions, time ofampling and sampling approach
(Algreen et al.l, Il and Il , Limmer et al. 2014b, 2014c and 2013,
Wittlingerova et al. 2013, Holm and Rwod 2011, Doucette et al. 2007).
However, tree coring can providseformation on a relative level of
contamination in the subgace at the time of sartipg, which is valuable
information during initi&site screenings.

2.1.1 Function

The main uptake pathways of contaents into plants are from the
subsurface or by deposition from air pant tissue above ground (Burken et
al. 2005, Berthelsen e@l. 1995, Simonichand Hites 1994). When
investigating the feasibility of tree as bio-indicata for subsurface
contamination, only uptake of contaraims from the substace via the roots

iIs considered (cf. Figure 4). Roots ctake up dissolved contaminants in
water (pore and groundwater) by the spmation stream. Trees collect the
majority of their water supply fronthe upper soil layers, but uptake from
deeper soil layer sources suchshallow groundwate can also happen
particularly in dry period¢Smith et al. 1997, Dawsand Pate 1996, Larcher
1995). Besides, organic egounds present in the pore air in the unsaturated
zone can also be taken up by the rq@srken et al. 2005Struckhoff et al.
2005). After uptake through the roots, tmntaminants can be translocated to
other plant tissue above ground, eve they will be phytovolatilized,
absorbed or degraded depending onrtpbysico-chemical properties and the
plant tissue/species do their contente§. lignin (Ma and Burken 2002,
Trapp 2002, Trapp et al. 2001, Magk and Gschwend 2000, Burken and
Schnoor 1998). By means of tree cmyia small sample from the trunk of a
tree (a tree core) is sampled and amatly This sample can reflect subsurface



contamination near the root zone. Téxtent of the root zone depends on
factors like the tree species, the sahditions, the climate and the density of
planting (Canadell et al. 1996). The whdof the root zone is observed to
extend well beyond the width of the treanopy. Lateralaot extension is
mostly reported to be between 10-20 nradius, but radii 0550 m have also
been reported (Stone and Kalisz 1991he rooting depth is in average 7.0
(x1.2) m bgs (below ground surface) @3 species and climate; deepest for
trees in dry areas and shallower indairareas (Canadell et al. 1996). In the
temperate zone, the average rootingtteis reported to be 2.9 m for a
deciduous forest and 1 m deeper foraiterous forest. In addition, capillary
forces can lead to vertical movemaenit volatile compounds (Newell et al.
2015). Thereby have contaminations d¢ote 19 m bgs been observed by tree
coring (Sorek 2008). This indicatesatha measurement by tree coring is a
signal integrated ovex large capture zone.

Tree cor
ple
S ood
rtwood
t} Length
‘.\ 5cm
/ N
—_— |
Average lateral root i Height 1 m
spread 10-20 m - \%

Sinker root

Average maximal root depth 2.9 m bgs

Tap root

Uptake of heavy metals
'\/ from water

Uptake of organic compounds

i ~  from water and pore air
Root hair

Figure 4: Conceptual model of the extent of thaot system, plant uptake by the roots (A)
and tree core sampling (B).



2.1.2 Operation

Tree coring is still a new techniquetevertheless, nmy have tried the
application and it has been shown tiia sampling approach can influence
the outcome of tree coring (Limmer &t 2014c, Odom et al. 2013, Doucette
et al. 2007, Vroblesky et al. 1999). Sdewpcollected and handled the same
way allow for a better comparison aksults (Wahyudi et al. 2012).
Therefore, guidance documents for teging have been developed by Holm
et al. (2011) and Vroblesky (2008). ®w(similar) documents have been
developed within this PhD project Igreen and Trapp 2014, Trapp et al.
2012). In these documents, it is reamended that tree oes are sampled by
a specific hand drill (Suuat Finland), 1 m above gund and 6 cm into the
trunk wherefrom mainly sapwood (livinggood) is extracted (cf. Figure 4).
The outer part (mainly bark and phloeat)the tree core has to be removed to
minimize any influence of contaminntaken up from the atmosphere. The
contaminant concentrations insidetbt tree along the circumference of the
trunk will vary (Limmer et al. 2013, Hm and Rotard 2011yroblesky et al.
1999). A reason may be that the xylemide the trunk reaches from roots to
the leaves taking up water and conwaamts from different soil areas.
Another reason may be the variation transpiration rates around the tree
caused by different sun exposure (tlzer 1995). Therefore sampling along
the circumference of the trunk to addialse negatives (measurements where
the contaminants are not measuredhe wood even thougthey have been
measured in soil or groundwater) is recommended.

When screening for volatile compoundke sampling should be conducted
from late summer toearly winter. During tls period the highest
concentrations in wood are to be exped due to a high transpiration rate,
which increases the uptake of contaants, and low t@peratures, which
decrease the (phyto)volatilization ofetltontaminants (immer et al 2014a,
Wittlingerova et al. 2013). Téntree cores can lmllected in analytical vials,
which have to be closddhmediately to avoid loss ofolatile compounds (cf.
Figure 4), where after they can lamalyzed. HS-G8MS (Headspace-Gas
Chromatography/Mass Spectrometry) & commonly applied analytical
method for volatile compounds in wogAlgreen and Trapp 2014, Limmer et
al. 2011, Doucette et al. 2007, Ma aBdrken 2002, Vroblesky et al. 1999).
Other more sensitive analytical rhetds such as SPME/HS-GS/MS (Solid
Phase Micro Extraction) or in plantaeasurements have also been applied
(Rein et al. 2015, Limmeet al. 2014c and 2011, &b&han et al. 2012, Holm
and Rotard 2011). Screening of heawgtals can be done all year because



heavy metals are not degradabielalo not undergo phytolatilization. The
samples have to be protected fromss-contamination uih extraction of the
heavy metals from the wood. Heavy tals can be analyzed by ICP-OES
(Inductively Coupled Plasma-Optical Esion Spectrometry) (Algreen and
Trapp 2014). A possible advantage oé tinee coring method is that a single
tree core sample allowsrféhe analysis of volatieompounds asvell as an
additional subsequent analysis for tweanetals for the same minute sample
acquired with minimal effort.

The tree core extraction is a standaedhnique, widely used in forestry,
which is harmless for the trees amduses only little or no damage to
personal property (Trapp @l. 2012, Graae 2011, Kon 1998). Only small
holes in the trunks are left behimndhich the trees respond to by forming
boundaries to isolate the injured tissand hereby resist pathogens (Shigo
1984). Even excessive coring has showntonahcrease the frequency of tree
death (Weber and Mattheck 2006). Howewehen using trees for monitoring
purpose, where several tree cores are egedlternatives tdree cores such
as in planta sampling grassive sampling devicesisx(Limmer et al. 2014b,
Shetty et al. 2014, Sheehan et dD12). Due to theinherent minimal
invasiveness of the method, which iimmthe amount oflamage done at a
perspective sampling sitethis method could addss personal property
owners’ apprehensions withe process of site ingégation, thereby making
it easier to obtain permission toteact samples on private property.
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3 Tree coring use for selected contaminants

In the following sections the feadiby of tree coring for detection of
selected contaminants the subsurface is describheThe properties and the
fate of the selected compadmin the terrestrial enmanment affect the use of
tree coring, therefore ahort introduction for eaclgroup of compounds is
given. The research of the feasibility toée coring is baskon field sampling

of different tree species aarious test sites.

3.1 Heavy metals

The heavy metals within focus of ishPhD project were arsenic (ASs),
cadmium (Cd), chromium (Cr), copper (Cujckel (Ni) and zinc (Zn), which
in the terrestrial environment oftenrcéde found in elevated concentrations
(Kabir et al. 2012). Heavy metals are @fncern due to their toxicity and
some are carcinogenic to humaffARC 2015 and 2012, Holm and
Christensen 1997).

Heavy metals are non-degradable asah be found in different chemical
species. They are a natural part tfe earth's crust for which reason
background concentratiorege found ubiquitouslySome background levels
of heavy metals in soil are reportbyg the Danish EPA and by WHO (World
Health Organization) which can be sdanTable 1. Howeer, anthropogenic
activities including mining, metallurgal industries, wod preservatives,
corrosion inhibition, semiconductor indugs and waste inneration are also
significant contributors to #hconcentrations of heawgetals in the terrestrial
environment (IARC 2012, Adriano 1986).

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

As Cd Cr Cu Ni Zn
Background level, Denmark * 2-6  0.03-0.5 1.3-23 13 0.1-50 10-300*
Background level, WHO 2 5 0.03-1° 37.0 - 10-210

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

3.1.1 The fate of heavy metals in the terrestrial environment

In general, heavy metals are not venpbile and the highest concentrations
are found in the top soil (@iano 1986). The fate dieavy metals in the
terrestrial environment igery complex due to theinherent characteristica,
the speciation and the soil propertiesluding the pH, soitexture, organic
matter, redox potential and the concettna of other ionswhich will have
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impact on the bioavailability of theelavy metals (Sauve et al. 2000, Holm
and Christensen 1997). Further detailstlom complex fate of the elements in
the terrestrial environment will not bexplored withinthis PhD project;
instead reference is made the literature (e.g. Hm and Christensen 1997,
Adriano 1986).

3.1.2 Plant uptake of heavy metals

Heavy metals like Cu, Ni and Zn eressential micronutrients critically
involved in plant growth and survivalhey are thereforéaken up naturally
by the plant roots (Brown et al. 1987pman & Mackinney 1931, Sommer &
Lipman 1926). Non-essential heavy metals as As, Cd, Cr can also enter plant
cells by carriers of essential ions suchi@sn or sulfate, or directly by the
nutrients uptake system for similar elertgem terms of charge and ionic radius
(McLaughlin et al. 2011, Clemén2006, Shanker et al. 2005). The
phytoavailability and uptake of the hgametals dependsot only on the soil
properties (see above), theavy metals or their tdtaoncentration, but also
on the plant species (even clonesidathe rhizosphere conditions where
present microorganism can enhancereduce the phytaailability of the
heavy metals (Rajkumar at. 2012, Unterbrunner etl. 2007, Laureysens et
al. 2004, Pulford et al. 2002). Thelllawing translocation and partitioning
into different plant tissue differ withhe individual elerants (Pulford and
Watson 2003, Jayasekera and Rossd#896). An overview of the different
factors influencing the uptake and tséocation of heavy metals from soil
into plants is gien in Figure 5.

/ species tissue

Uptake and
translocation

——————— bH

Texture

“ Total
{ concentration| Heavy metals Redox-
\ i potentioal
Species  Eloment -7\ Other Organic Micro-

_________________ . ions organisme

matter
Influencingfactors

Influencirg factors

Figure 5: Overview of the main factors influemyg the plant uptake and translocation of
heavy metals from soil into plants.
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All the heavy metals in foauwithin this PhD project are toxic to trees at high
concentrations as they can affect mggbysiological 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 habeen applied at four test sites
contaminated with heavy metals. Basedtheir total soil concentrations, the
test sites are categorized as slightigntaminated (abovéhe soil quality
criteria, but below the cut-off criteria® highly contaminated (above the cut-
off criteria) according to Danish atdards (Danish EPA 2014c). Samples
from willows (Salix spp.), poplars Ropulus spp.), birchs Betula spp.),
cherries Prunus spp.), ashesHraxinusexcelsiorspp.) and mountain ashes
(Sorbus aucupariaspp.) were collected. Investigans of the feasibility of
tree coring for detection of elevatdieavy metal concentrations in the
subsurface are presented in Algreen etlandlIl. The main findings are
outlined in the following.

The useof tree coring as a screening tdolidentify soil contamination with
heavy metals is challengdyy their ubiquitous presence in the environment.
Consequently, background concetivas are found in trees and wood,
whereby the detection of heavy metats the wood does not document
contamination of the subsurface. For tlasstatistical comgrison is required.
Measured concentrations in trees frantest site (potentially contaminated)
need to be compared witheasured concentrations trees from a reference
site (non-contaminated) to determine i€thoil concentrations at the test site
are significantly elevatd (Algreen et al.l). If significantly elevated
concentrations are detected in wood fromftilees at the test site compared to the
reference site, indication of subsurfacentamination is found. To increase
the statistical certainty, groups of teegrowing on a ch@&n test site are
sampled and tested against samples faognoup of trees dhe reference site.
The chosen group of trees can represbatentire test sit€Algreen et all
andll) or subareas at the test site (Martac et al. 2014).

The need of reference trees involwEsne uncertaintieshe plant uptake can
vary among the sites based on differesidn the bioavailability of heavy
metals caused by differesoil properties (Pulforeet al. 2002, Marin et al.
1993). Additionally, the reference sitan be contaminated from atmospheric
input, or from an unknown source (Algreen et Bl.Kabir et al. 2012,
Berthelsen et al. 1995). Therefore the refece site needs to be selected with
caution.
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Tree speciesDifferent tree species were tedtto investigate if a preferred
tree species could be found. Among ttested tree species, the uptake of
heavy metals was generally higher fodlaw and poplar (willow > poplar),
and the elevation of wood concentratioats the test siteccompared to the
reference site was moreqmounced (Algreen et al. and Il). High wood
concentrations could aldwe found for birch, whichs in agreement with the
results of Evangelou (2013), Untedmner (2007) and co-workers, who
investigated plant uptake in willowpoplar and birch at heavy metal
contaminated sites. However, the diénce in wood caentrations between
the test site and the reference siteswess pronounced for birch (Algreen et
al. ). It has also been shomthat the differences iwood concentrations (Cd
and Cr) can be greater between treecggs (birch vs. willow and willow vs.
poplar) than the reference sitedathe test sitéAlgreen et all). Therefore it

is important that the sampldree species atéhtest site and threference site
are identical. This requirement congaies the use of tree coring as the
preferable species (i.e. poplar willow) are not alwaypresent at the test site
and/or at the reference site. Additionalthe sampler is required to have the
necessary skills to distguish between the spesjea difficult task for
untrained personnel, espéetyaduring winter time.

Concentrations in wood.The average wood concentrations measured at the
test sites and the refer@sites (willow and poplagre summarized in Table
2. Typical background concentrations willows and poplars found during
this PhD project were between 0.38®.mg/kg for Cd, 1.20-1.95 mg/kg for
Cu, 0.095-0.51 mg/kg for Nand 10.5-32.0 mg/kg faZn. The concentrations
of As and Cr were for most sampleddve the detection limit (Algreen et al.

| andll). Shanker (2005) anMarin (1993) have toge#r with co-workers
shown that As and Cr are taken uptheg roots; howevetthe elements were
accumulated in the roots, whereby thencentrations in the plant tissue
above the ground were lowlence, tree coring will be less useful for these
elements. The wood conceations at a highly contamated site were 0.52-
3.08 mg/kg for Cd, 1.11-10.7 mg/kg f@u, 0.48-0.49 mg/kg for Ni and 25.3-
106 mg/kg for Zn. In general, ¢h measured concentrations ranked
Zn>Cu>Cd>Ni at both the testtes and the reference sites.

Test site vs. reference siteA statistical comparison afkood concentrations
(in willows and poplars) from the testess and the referemcsites shows that
the average concentratiord all the investigatecelements, except Cu in
poplar wood, were sigficantly higher in thewood from tke strongly

contaminated test sitgcf. Table 2). For thetest sites with lower
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contamination levels, the concentoati differences were sometimes very
small or not distinguishable. Despite tlwgerall trend, indiidual trees from
the reference site may have higherodaconcentrationshan trees from the
test site (Algreen et alll). Overall, the difference between wood
concentrations from the tesite and reference siteas more pronounced for
willow than for poplar (Algreen et al). This indicates that tree coring may
be useful to detect elated concentrations olieavy metals at strongly
contaminated sites (e.g. is@oncentrations abovéhe cut-off criteria) and
that willows would beoreferred over poplar.

Table 2: Mean measured concentrations (mg/kg) v Cd, Cu, Ni and Zn in willow and
poplar obtained through different sampling cangpai R = reference site, T = test site and
n = number of tree core samples. Significant differences in botd500) or italic (.=
10%).

Valby Mgringa Frederiksveerk Hillerad
Denmark * Norway 2 Denmark ' Denmark *
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 | Nn=22 n=22 n=6 n=18 n=4 n=36 n=4 n=17
Cd 0.65 3.08 033 052 | 069 0.76 0.62 0.51 0.52 0.42 0.86 0.22
Cu 1.68 10.7 128 1.11 1.95 3.05 1.33 1.66 1.20 1.64 1.79 151
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 27.0 325 20.6 35.7 241 19.6
Level OT SOI.I High Medium Medium Low
contamination

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

A time saving simplification of the apphtion of tree coring would be to use
a general background value for eabbavy metal in wood. This could
potentially replace the ference samples, but the literature of natural
background concentrations in treesvisry limited and mainly focused on
other plants or plant par{se. lower plants, rootxyr leaves) (Nordlokken et
al. 2015, Jayasekera and Rossbd®96). Additionally, the background
concentrations in wood has shown tdfelis with the types of trees (i.e.
conifers or deciduous), thepecies (e.g. willow, poplarr birch) and the plant
tissue (e.g. wood or ére tree) as shown Algreen et al.l. However,
relatively constant background concetibas have been found for poplar and
willows, which both belong to the B@aceae family (Algreen et all). If a
general background valuean be confirmed by funer studies, tabulated
natural background valuesould be used rather dh reference samples to
evaluate subsurface contamation by tree coring.
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Comparison to soil concentrations.Algreen et al. I{ ) investigated the
correlation between heavy metal concatiotns measured in wood and saoill,
and thereby the method’s ability to eséite the soil concentrations. At low
total concentrations in soil, the conteations of heavy ntals in wood are
almost constant and increasing totaincentrations only resulted in slight
variations. Only at high total soil condeations did the wood concentrations
increase as wella stronger correlation was fouridr willows compared to
poplars (cf. Figure 6A). Aeason could be that th@ant uptake is regulated
by biological control mechanisms, whignaintain the wood concentrations
within a narrow concentration rangeven with a large span of soil
concentrations. At phytotoxic levetaese mechanisms can break down and
the concentrations in trees subseglieincrease (McLaughlin et al. 2011).
This indicates that the concentrationsasired in the woodannot be used to
estimate the total heavy meétoncentration in soil.

A better correlation with the phytoavaile fraction of heavy metals in soil
could be expected. Theretgra comparison of the wd concentrations with
the bioavailable concentrations isoil would be beneficial. Various
extraction methods have been appliedbrder to determine the bioavailable
fraction in solil, but an accurate methodlas time does not exist (van Gestel
2008). However, CaGlextraction is a common method to estimate the
phytoavailable concentration of hesa metals (Basar 2009, Meers et al.
2007). Consequently, ity method was used by Algreen et d). {o measure
the easily extractable condeations in soil. The woodoncentrations versus
the easily extractable conceations in soil are shown in Figure 6B, where no
clear correlations betwedhe concentrations werfeund. This non-linearity
of metal concentrations in wood andilss consistent withstudies of other
lower plants (i.e ferns and flowergnd conifers (Tuwanen et al. 2011,
McLaughlin et al 2011).

This infers that the measured heavytaheoncentrations imwood cannot give
a quantitative estimate of the soil c@mtration. Neverthess, tree coring can
give an indication of whether the ibas highly contaminated with heavy
metals shown by clearly elevated contcation levels in the wood (Algreen
et al.l andll).
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Figure 6: Measured concentrations of Cd, Qi and Zn in wood from willows and
poplars from a Danish test site versus th&lt@aoncentrations in soil (A) and the easily
extractable concentrations (Blines represent linear fit @plar dotted), modified from
Algreen et alll. Black arrows = maximum typical Dah background levels in soil and
white arrows = the cut-off criterigDanish EPA 1998a and 2014c) (figure A).
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3.2 BTEX compounds

BTEX compounds are components ofrpé&um, oil and taproducts. These
products are widely used large quantities and as a consequence BTEX are
frequently found as contaminants iretkerrestrial envonment (Roost 2014,
Danish EPA 1998c). Contanation of the subsurface can likely result from
dump sites, leaks fronunderground tanks and palines, spillage during
handling of the product®r accidents.

BTEX are toxic for humans and thenvironment. Benzene is a known
carcinogen, ethylbenzene is classifiedagsossible carcinogen, while there is
inadequate evidence for the carcinogégiof 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 natiscible with water, thus they are
categorized as Light Non-Aqueous d3e Liquids (LNAPLSs). After a spill,
the compounds will migrate downwartlsrough the unsaturated zone under
the force of gravity, whileesiduals are retained the soil pores (Newell et
al. 2015). For illustration see Figure 7.rHarge spills, tke migration will
continue until the plume encounters eitla low permeabliayer or the water
table. At the water table, the LNAPwill spread latertly in the down
gradient direction.

Partitioning of BTEX in tle subsurface occurs beten four phases: LNAPL,

gas in the pore air, dissolved in t@g sorbed to th solid phase. The

distribution among the phases dependstlo® soil properties including the
organic matter, microorganisms and redmtential as well as the properties
of the compounds (Newell et al. 2015elected properties for BTEX are
given in Table 3.

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

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 0.22 0.27 0.32 0.22-0.29

(Lwater/LOctanol )
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 presss and water solulties (cf. Table
3), thus these compoundsteto evaporate into thgore air or dissolve into
the pore water. The tendency of the gmmunds to adsorb to soil is described
by the octanol-water pation coefficient (log kow), and the compounds
tendency to transfer from the water ph&sehe air phase is described by the
Henry’'s law constant. BTEXave relatively low log Kw values and high
Henry’s law constants (cf. Table &)dicating that the compounds have a low
tendency to sorb to solid phase butiddo volatilize from water into air.

Natural attenuation by vaiiéization and biodegradain is important for the

fate of BTEX compound#n the subsurface (Jindravet al. 2002, Kao and
Prosser 2001, Lahvis et al. 1999BTEX are biodegradation fast by
microorganisms under aerobic conditiorfansaturated zone); however,
anaerobic degradation of BTEX can occur and also faster under e.g. iron-
reducing conditions (Salanitro et al. 1997arhe free phase will not be as
readily biodegradable, which may kkie to the inabilityto create and
maintain favorable conditions for the enbbes, e.g. lack of oxygen (Newell

et al. 2015).
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Figure 7: Conceptual model of LNAPL transport subsurface and pba distribution.
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3.2.2 Plant uptake of BTEX

Another significant attenuation pathway ®FEX is uptake from the soil by

plant roots followed by translocanh to plant tissues above ground
wherefrom the compounds can be phytatibized (Dettenmaier et al. 2009,
Burken and Schnoor 19%nd 1998, Newman et.al997). The potential for

uptake and translocation is related the lagyKLog Kow values near 2 as for

the BTEX allow significant plant uptak(Dettenmaier et al. 2009, Burken
and Schnoor 1998).

BTEX is phytotoxic, which can lead teeduced 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 bempplied as a screening tool at three
sites contaminated with benzene, wie, ethylbenzene, and xylenes above
the Danish quality criteria (DarmsEPA 2014b). Tree cores from mainly
willows (Salix spp.) and poplarsPpulusspp.) were sampled, but tree core
samples were also collectém other tree specie¥he investigation of the
feasibility of tree coring fodetection of BTEX in th subsurface is presented
in this PhD thesis; some parts akso presented in Algreen et &ll or
Martac et al. 2014.

Concentrations in wood.BTEX were detectable bS-GS/MS in some tree
core samples from all tesites, though in relativelyow concentrations (cf.
Table 4). The low BTEX concentrationms wood are in aggement with other
literature (Fonkwe 2015, Sorek et @008, Trapp et al. 2001). During this
PhD project toluene was éhmost frequently detéed compound found in
59% of the samples. The xylenes atllylbenzene were measurable in 19%
and 16% of the samples, respectivalyd benzene was the least frequently
detected compound with measuraldencentrations in only 7% of the
samples. Low or limited detection of BEK in the wood could be due to the
natural attenuation of the compoundstie soil or the plant, as described
above, whereby only small concentratioois BTEX are retained in wood.
Burken and Schnoor (1999) havehown that translocation and
phytovolatilization were more rapidor benzene than the other BTEX
compounds, which can explain themidrequency of reasurable benzene
concentrations in wood found in thisPIproject. In addition, the presence of
tree can also increa the natural attenuation.r&t, trees induce daily water
table fluctuations due ttvanspiration, which introdze air into the subsurface
and potentially stripping off the volagilcompounds. Second, the increased
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amounts of oxygen and the root uebates can stimulate the BTEX
degradation by microorganisms (Wilson @t 2013, Weishaaet al. 2009,
Barac et al. 2009, Collins et al. @®, Trapp and Karlson 2001).

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

Benzene Toluene Ethylbenzene Xylenes

Szprotawa Average 254 (2) 111 (21) 177 (4) 186 (4)
1% sampling Median 254 64 62 187
campaign
n=57 Max 395 416 569 318
Szprotawa Average 4.7 (7) 9.5 (33) 2.7 (22) 3.8 (23)
2" sampling Median 0.7 2.7 03 0.6
campaign
n=35 Max 31.7 86.4 37.4 47.0
Sollergd Average 0.88 (3) n.a. n.d (0) 0.39 (1)
n=52 Median 1.10 - -

Max 1.15
Gentofte Average n.d (0) n.a. n.d (0) 1.29 (3)
n=21 Median - - - 1.31

Max - - - 2.17

Comparison to soil and goundwater concentrations.Wood concentrations
were measured by tree cog at the Szprotawa, Geite and Sgllergd test
sites. At the Szprotawa test sigwod agreement was found between the
concentrations measured in wood andsoil (near the groundwater table)
based on BTEX concentration levdls. Figure 8) (Algreen et alll ). The
use of trees as bio-indicators wasealy useful to idntify areas with
contaminated soil. By conaping the wood concentratis statistically to the
concentrations measured in soil amd the groundwater, significant rank
correlations ¢ = 10%) were found between contetions measured in tree
cores and the soil sample$ £ 0.6748, n= 14) and between tree cores and
groundwater samples®® 0.7714, n = 6) (Algreen et dll ).
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Figure 8: Results from tree coring and measured soncentrations from the Szprotawa
test site (A) and the former fuel stationSaprotawa (B). Marks indate sampled trees or
soil concentraions (see legend).
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The BTEX concentrations measuredwood from the Gentofte test site and
the Sgllergd test site were not in aceorde with the concentrations found in
groundwater (cf. Figure 9).

A
Site name:
Gentofte, Denmark
Compound:
BTEX
Geology:
: [12/1680
Fill, clay, sand
[400/13.70d [ 1600/9000]
Groundwater table:
5 m bgs
@ No detection of BTEX in wood Gas
. Detection of xylenes in wood
. Detection of benzene i wood
O Benzene/ sum TEX in groundwater [ug/L]
B
Site name:
Sgllerad, Denmark 7.8/300
Compound: <0.20/25
BTEX
Geology: (19723000 (35575500

Varying layers of 950/2100

silt, clay and clay till

Groundwater table:
4m ng @ No detection of BTEX in wood

@ Detection of xylenes in wood
@ Detection of benzene i wood

[CJBenzene!/ total hydrocarbon in groundwater [pug/L]

Figure 9: Tree coring results from the Gentofte teisé $A) and the Sgllergd test site (B).
Marks indicate sampled trees. Groundwatencentrations were repoted in Jord-Miljg
(2013) and Cowi (2011a). Marks indicate sandpleees or soil concentraions (see legend).

The measured wood concentrationsere very low with very few
measurements above the detection lichi(BL) (cf. Table4). The detection
of BTEX above the DL could béalse positives caused by background
concentrations apparently originan from the nedy traffic. BTEX
background air concentrations hawedso been demonstrated by Fonkwe
(2015) and Vroblesky (2008)These measurementseatategorized as false
positives. The risk of false positives cha minimized by the use of control
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samples. Control samples includimgference sampleBom a nearby non-
contaminated site and blank samples ardptaining air fronthe test site are
recommended (Vroblesky 2008). In atilch, no measurable concentrations
were detected in wood in the areabere high BTEX concentrations were
measured in the groundwater. Theseasuwrements are thefore categorized
as false negatives. Falsegatives will limit thereliability of tree coring
when screening for BTEXHowever, the risk of fl@e positives or negatives
will always be present when applyingér coring as a screening tool, but the
possibility of high density samplingan reduce the detriment of false
detections.

Inconsistent screening outcomes. Taking into account both the
measurements obtained at the Szpretawst site and the measurements
obtained at the two Danish test sit@Sentofte and Sgllergd) inconsistent
results concerning the feasity of tree coring as a&creening tool for BTEX

in the subsurface have been uncoderk could be due to comparison are
done to different media ¢d or groundwater). Andter reason could be found
in the different subsurte conditions. At the Szprotawa test site the
groundwater table is located approxstaly 1-2m bgs and the soil consists
mainly of silt and sand (Algreen et dll ). At the two Daish test sites
(Gentofte and Sgllergd), the groundwatssle is found 4-5m bgs and the soil
has low-permeable layerfgord-Miljg 2013, Cowi2011a). Thereby a more
substantial unsaturated zorefound at the two Danish test sites (Gentofte
and Sgllergd). The lower groundwatebles will cause aeeper downwards
migration of the BTEX, which togethevith the low permelale soil layers,
can make the compounds be less adbbsdor the roots. Reasons for the
lower accessibility could include longtatal distance between the BTEX and
roots, increased adsorpti to the solid phase dncreased biodegradation
(Wilson et al. 2013).

Tree speciesTo test the feasibilityf different tree spcies as bio-indicators
of BTEX in the subsurface, sets birch/pine and willow/poplar (chosen
based on their availability) with adjadeocations (mutual spacing of max 3
m) have been sampled simultaneouslyhet Szprotawa test site. The results
showed more detectable concentrationpime than in birch (cf. Figure 10).
Limited detection of BTEX in birch tsaalso been reported by Fonkwe (2015)
and Wittlingerova and co-workers (2018)asured lower concentrations of
chlorinated solvents in binccompared to pine. Theet, it seems that birch
is not as suitable for tree coring @ screening for volatile compounds.
When comparing willow and poplar (dfigure 11) both tree species pointed
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to the same contaminatedeas (confirmed by sodampling). Higher BTEX
concentrations were measured in wilthan in poplar (Algreen et dll ).

50 m
*—

‘ No or low BTEX level Q Medium BTEX level ‘ High BTEX level

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

100 m
L 4

‘ No or low BTEX level Q Medium BTEX level ‘ High BTEX level

Figure 11: Tree coring results obtained by samplofgwillow and poplar at the Szprotawa
test site. Marks indicate sampled trees.
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3.3 PAHSs

Polycyclic aromatic hydrocarbon$PAHsS) are a group of compounds
composed of two or more aromatings. Several hundredftérent chemical
structures exist. A fewPAHs have been selectet represent “priority
contaminants” based on their structunel doxicity. In Dansh soil focus is on
fluoranthene, benzo(b)fluoranthene, nhke(j)-fluoranthene, benzo(k)fluor-
anthene, benzo(a)pyrene, dibenz(antheacene and indenb@,3,cd)pyrene,
but naphthalene, acenaphthylene, agdmnihene, fluorene, phenanthrene,
anthracene, pyrene and benzo(ghi)pemgl are also included as “priority
contaminants” by the US EPA (Jasgline et al. 2002). Additionally,
innumerable investigains have been condudteon benzo(a)pyrene (BaP)
due to its carcinogenic propes$, which is why BaP is used as an indicator
species for PAH contamination (EU lex 2004).

The PAHs can be subdivided intotpmgenic or pyrogenic PAHs depending
on their origin. The petrogenic PAHseanaturally present in crude oil and
coal, whereas the pyrogenic PAHs &emed by incomplete combustion of
organic materials e.g. from firesyaste incinerationand car exhausts
(Manzetti 2013). Many PAHs are assoeidtwith acute toxicity, genotoxicity,
mutagenicity and carcinogenicity (IARC 2015).

3.3.1 Fate of PAHSs in the terrestrial environment

PAHs are synthesized naturally ana daherefore found ubiquitously in the
environment. However, anthropogeractivities have alsaontroduced large
amounts into the terrestriahvironment, where they arelativelypersistent.
The distribution in the environmendepends on their inherent physico-
chemical properties, which differ witthe number of aromat rings in the
molecule, some examples are givenTable 5. Smaller compounds are more
volatile and more mobile than therd@r compounds (Jgaeline et al. 2002).
The larger PAHs B rings) are in general ahacterized by a low vapor
pressure and a moderate to low Hesmrlaw constant, which makes them
semi-volatile (K, = 10’ to 10° to non-volatile (K, < 107). They are
relatively insoluble in water and tend sorb strongly to soil phase due to
their hydrophobicity, by which they areske mobile in the subsurface. They
also sorb to pyrogenic particles cku as soot, by which they can be
transported in the atmosphere olarg distances (Sofowote et al. 2011).
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Table 5: Physical and chemical properties for selected PAHs at 25°C.

. Vapor Water Henry’s law
Chemical 5 tant
pressure solubility Log K ow constan
structure 1,2 34 (Kw)
(Pa) (mg/L) > .
O]
Naphthalene 10.4 34.8 3.30 2.0x107

38

-2
Phenanthrene OQO 1.6 x 10 0.82 4.46 9.4x10™

Anthracene OOO 8.0 x 10°* 6.6 x 107 4.45 2.7x10°
Benzo(a)-

pyrene 59x10° 1.8x10° 5.97 46x10°
Dibenzo(ah)- _7 4

antracene 2.5x10 6.0 x 10 6.50 6.0 x 107

1: Wasik et al. 1983, 2: Leietal. 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 PAHSs

The diffusive uptake from soihto plant tissues isx@ected to be very slow
for highly lipophilic compound such as PAHs. Howenaadish experiments
in the laboratory were accomplished ihgr this PhD projecto investigate
the potential plant uptakiEom different soils withdifferent accessible PAH
concentrations. The work ipresented in Algreen et a/ and the main
findings concerning plant uptalege outlined in the following.

Radish seeds were planted in PAgbntaining soils. The total PAH
concentration ranked from a natural kgound level to highly contaminated
soil according to Danish standardgish EPA 2014b). One soil contained
pretreated soot wherefrothe readily desorbing RAfraction was removed,
only leaving the desorbing resistamil’s (Mayer et al. 2011). Plant uptake
from the desorbing resistant PAHs waspected to be limited compared to
soil with readily desorbing PAHsdue to limited phytoavailability
(Gouliarmou et al. 2015). After severeeks the plants were harvested and
the PAH concentrations in the rsgotand the stalkswere measured.
Quantifications of the PAH concentias were only posble in 41 % and 36
% of the root and the stalk samplesspectively. The linted quantification
of the PAHSs in the rootsamples and the stalk®wd be an indication of
limited PAH plant uptake (Paterson ancaékay 1994). But it could also be
caused by relatively high quiincation limits due toa small sample mass.
However, the quantitative measuremss clearly showed similar PAH
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concentrations in plants grown isoils with readily desorbing PAHSs
compared to soils withdesorption resistant AMs. In general, the

concentrations in the roots werbigher compared to the measured
concentrations in the stalk, which is agreement with findings by other
studies showing; if the compounds amtering the roots, large portions will
be retained in the roots, so thaarslocation upwards can be negligible
(Paterson and Mackay 1994, Trapp 2002app et al. 2001). This indicates
that the plant uptake oflissolved PAHs from soimay contribute to the

measured concentrations in the maturing the plant experiment, but are
unlikely to contribute to the concentiats in the stalk. More likely, the

concentrations in plant parts abogeound stem from atmospheric PAHS,
where PAHs can be accuhated in the outer parbf the plant material

(Simonich and Hites 1994, Wang et al. 20@lased on this and the limited
correlation between concentrations irot® and stalks (cf. Figure 12), is it

expected that the measured coricatons in the stalks originate
predominantly from air.
100
YRoot
PStalk Very high level pf
desorptionresistant PAH
[o)) - N / N
= 10 F O (] © e .“\
S ® °o'\h/® oo ' all
(O] A A /
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LA A .
100 1000 10000
Csoi [Mg/kg]

Figure 12: Average concentrations of selected PAH compounds in plants versus the soil
concentration in various soil treatmten Green: Agricultural soil (background
concentration level), red: Soil containingeated soot with desorption resistant PAHSs
(lightly contaminated), black: Soil camhing untreated soot (medium level of
contamination). Blue: Bioreadiated industrial soil with a high level of desorption
resistant PAHs (highly contaminated). Modified from Algreen eYal.
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3.3.3 Tree coring as a screening tool for selected PAHs

The plant experiment showed that 1dP8H concentration in the soil did not
control the uptake and translocation tbe PAHs into the plant tissue (cf.
Figure 12). This clearlyb®ws that it will be dficult measure the PAH in
wood and then to relate the measucedhicentrations witltoncentrations in
the subsurface, which makes the usfetrees as bio-indicators for PAH
contaminations in theubsurface impractical.
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4 Tree coring as a screening tool

Due to the simplity and comparatively low-&i of tree coring, the
screening with this method does not needbe limited to the areas pointed
out by the historical site survey (vaii may miss unexpected contaminated
areas), but can cover thetiea site, if accessible, ih high density sampling.
This can be very beneficial during initiaite investigatns. In addition, a
single tree core sample will repezd a relatively large soil volume (see
section 2.1.1). In the following sgens some specific purposes and
advantages of tree coring are outlined.

4.1 Detection of unexpected contaminated areas

The use of tree coring as a supplemgntcreening tool has been shown to
reduce the risk of overlooking camiinated areas during initial site
investigations. Several wgdies on chlorinated solvenhave already proven
the aptitude of tree coring for wetion of unknown and unexpected
contaminated areas, which wereverlooked during @nventional site
investigations (Algreen et alV, Rein et al. 2015, Larsen et al. 2008). The
same was proven during this PhD maj at the Szprotawa test site
contaminated with BTEX (see a®n 3.2.3 or Algreen et alll ). A hot spot

in the southern part of the sitef.(digure 13 - map 1) was revealed by
conventional groundwater sampling.

Sampling points: Poplar
Basis for iso-contours
Other tree species sampled

Map 1: Conventional site Map 2: Site screening Map 3: Verification
investigation by tree coring

Figure 13: Concentration iso-contours of BTEX $&d on groundwater sampling (Map 1),

tree core sampling (Map 2) and soil samplinga@B) at the Szprotaatest site. Modified
from Algreen et allll .
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Subsequently, tree coring clearly idiéied this hot spot as well as an
additional formerly unknown contaminatedea in the northern part of the
test site (cf. Figure 13 - map 2). Thasea had not been investigated by the
conventional groundwater salmg as the data fronthe historical surveys
showed no indications of potential contaation in this area. To confirm the
results obtained by tree cng, soil samples near tlggoundwater table were
collected in the two potentially ootaminated areaswherefrom BTEX
contamination in the subsurface in bareas was confirmed (cf. Figure 13 -
maps 3).

This demonstrates that the gatheringhdadtorical information is not always
sufficient evidence to accueldy locate all of the @entaminated areas of a
prospective site, whictemphasizes the need f@an economic and rapid
screening method such as tree coring taat be applied over an entire site if
accessible.

4.2 Location of unknown sources

Another advantage of tree coring coube to trace unkmwen sources in a
shorter time frame and a more ca&dticient manner than by conventional
methods (Region Sealand 2012, Graael20for that purpose, the method
was applied commerciallyor the first time in Damark in a case with
groundwater contaminated with chloated solvents (Region Sealand 2012,
Sn.dk 2012). PerchloroethyleeCE) concentrations up to 24/L had been
detected in drinking watesupply wells in the smbVillage of @lsemagle,
Denmark (Niras 2012a). Conventionaltial site investigations to trace the
source included 18 water samples frestablished wells, water streams and
sampling points obtained hgirect push technologie§GeoProbe). The site
investigation confirmed the PCE camtination in the groundwater with
maximum concentrations of 27@g/L. However, the source was not
identified based on this sampling gaangn (Niras 2012a). The available
historical data did not keal any activities likelyo cause PCE contamination
in the area nor did an inquiry of thecal public. Then, as a new initiative,
tree coring was appliedirees were growing throbgut the nearby village
and its surrounding area, of these 1@&®s were sampled (cf. Figure 14).
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Figure 14: Overview of the @lsemagle site. Red asterisks indicate contaminated drinking
water supply wells, the red areapresents the area of focus within the initial water
sampling campaign and the white marks intkcaampled trees during the tree coring
campaign.

The tree core screenirigok one and a half daybad no damage to private
property and the chemical alysis revealed significaRCE concentrations in

a single tree (nr. 53, Figure 14) located upstream from the contaminated
drinking water supply wells. To verifthe outcome, soil gas measurements
were done near the tree with edd®@d PCE concentrations. High PCE
concentrations were also measuredhe soil gas and the area was confirmed
as the source area, see Figure 15&a@N2012b). These screenings were
followed up by site investigations dhuding soil and groodwater sampling,
wherefrom the conceptual model oketpblume shown in Figure 15b could be
developed (Niras 2012bAn unknown scrap dealewvas discovered at the
location which is why no prior historicahformation had ndicated that this
area could be a potential source area.
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Figure 15: Contour plots based on soil gas scregsi(1-1.5 m bgs) near the tree where
PCE was detected in the woodthe @lsemagle site (A) arttie conceptual model of the
source area and plume concentrati@Bys Modified from NIRAS (2012b).

A similar case has alscebn reported by Sorek et al. (2008). Sorek and co-
workers collected tree caefrom 13 randomly selemdl sites in Tel Aviv,
Israel. At three of theit®s chlorinated solvents we detected in the wood.
Subsequently, groundwater monitogi wells confirmé groundwater
contamination. At one of the locatioaswater supply well approximately 0.8
km down-gradient of the tree with eked contaminant concentrations had
been closed due to PCE in the drimkiwater. But the source was until then
unknown because of sparkestorical information orthe site use. However,
after the tree core sampling campaignterviews of bng-term residents
revealed former factorgctivities at the site.

The Qlsemagle and Tel Aviv cases dentoate that insufficient historical
information also can be a big isstm tracing of unkown sources, which
underline the need rapid and low-inwasiscreening methods which can give
more effective siténvestigations.

4.3 Tree coring compared to soil gas sampling

Both tree coring and soil gas sammgi appear promising as screening
methods, which could supplement eacheotfor initial site investigations.
Soil gas sampling is a generally apped and commonly applied screening
method, as seen in theseaof Blsemagle (sectioh2). Soil gas sampling is
useful for volatile compounds the unsaturated zorfRivett 1995, Bishop et

34



al. 1990). Tree coring is ifta relatively new techique where trees have
shown to be useful as bio-imditors for both soil and groundwater
contamination (Algreen Ill, Rein eal. 2015, Wittlingeova et al. 2013,
Limmer et al. 2011, Sorek et a. 2008pblesky et al. 20041999), and able
to take up and translocate both udé& and some non-volatile compounds
(Algreen et al.l, I and IV, Limmer 2014a, Evangelou et al. 2013,
Dettenmaier et al. 2009, Stuckhadt al. 2005, Pulford and Watson 2003,
Trapp et al. 2001, Burken and Schnd®99 and 1998, Newman et al. 1997).
To understand the advantages gaineyg the use of tree coring when
compared to soil gas sampling, the tmethods have been studied and results
presented in Algreen et alV. The main findings are also outlined in the
following.

Tree coring and soil gas sampling weapplied at two Danish sites: the
Grindsted test site and the Platanve] ®tt. The geology at the sites differs
with sandy soil at the Grindsted sitedalow permeable soil layers at the
Platanvej site (Cowi 200l DGE 2007). The sites are contaminated with
PCE (perchloroethylene) or TCE ri¢thloroethylene) as the main
contaminants. PCE and TCE were widabed in the industry as dry cleaning
or metal degreasing agentsrr@approximately 1960 to 198@oherty 2000a
and b).Mishandling and uncontrolled dispashave released the chemicals
into the environment, where they ardeof detected in groundwater (Huang et
al. 2014, Squillace et al. 2007).

Like tree coring, soil gas sampling @& semi-quantitative nteod useful to
locate contaminated areasth compounds with highdenry's law constants,
low boiling points and low sorption to ganic matter and can be conducted at
different soil depths in #hunsaturated zone (Rivett 1995, Bishop et al. 1990).
During soil gas measurements contaamts in the pore miare extracted by
active or passive sampling and an&gzon site or in the laboratory.
Standardized protocols for the rhet have previously been published
(ASTM international 2012ICCS 1998). Within thigroject, active sampling
of soil gas sorbed on ATD (Autormet Thermal Desorption) tubes for
laboratory analysis was used for d#ien of PCE and TCE (except for the
soil gas measurement at the Grinds®tk in 2007 (Cowi 2011b)). This
approach was used to minimize theedeof specialized and heavy field
equipment, whereby the method is mommparable with #e core sampling.

A comparison of methodologies (tree eayiversus soil gasethodologies) is
given in Table 6. This $eme is useful for seldon of a screening method
and further details are deribed in the following.
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4.3.1 Conceptual models

To better understand the applicatiohtree coring and soil gas sampling a
conceptual model was developed (cfgurie 16). In the conceptual model the
capture zone of tree coring larger than that for gogas sampling due to the
extensive root system of the tree. F@ciduous trees in temperate zones the
rooting depths are up to 2.9 m in aage (see section 2.1.1). However, tree
coring has been used to detect chlated solvents in groundwater with a
water table as deep as 19 m bgs €Rat al. 2008). The volume sampled by
soil gas measurements depends on thamelextracted and the soil porosity.
However, a higher spatial resolutionpessible by soil gas sampling because
of the more controlled volume of exttad pore air, and because samples can
be collected from predetermined dept On the other hand, the soil gas
sampling will to a greater extent keffected by the gb conditions e.g.
challenging low permeable soil layer§ree coring is only limited to
locations where trees areogving, and trees can grow even in clayey, rocky
and swampy soil conditions. Trees arsoakuitable bio-indicators at sites
where the subsurface iproblematic, such as hed installations or
unexploded ordnance, as no drilling irethubsurface is needed (Holm et al.
2011).

To understand how tree roots and thé gas sampling probe can reach the
contaminants, it is importd to understand the migran of the contaminants
in the subsurface. The fate of heawmetals (section 3.1.1), BTEX (section
3.2.1) and PAHSs (section®1) has shortly been degzed in this PhD thesis.
Additionally, a short description of ¢hmigration properties of chlorinated
solvents in the subsurface will be givéi. Figure 16) as the tree coring and
soil gas sampling in this investigation neecompared based on sites primarily
contaminated with PCE and TCE.
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Table 6: Overview on the methodologies of treering and soil gas sampling as site
screening methods for contamimm with chlorinated solvents + indicates
useful/beneficial. — indicates not useful/thaging. More +/- tle better/poorer. From
Algreen et allV .

Tree Soil gas
coring sampling Comments
(TC) (SG)
Useful at large sites et . TC is faster, more mobile and by default has a larger
e.g. brownfield capture zone than SG
. SG can be applied in more discretized grid (both
Useful at small sites ++ +++ . PP . grid (
horizontal and vertical)
Useful for location TC is good for screenlng a larger area for p0§3|bly
+++ ++ unknown hot spots; SG is good to further delineate
of hot spots )
contaminant sources at a smaller scale.
Vapor plume . ot SG is more sensitive and better for spatial resolution
delineation than TC
TC can be applied everywhere where trees are
Sensitivity to the o+ i growing, as long as contamination is not too deep. SG
soil properties cannot be applied in low permeable soils and in
capillary or saturated zone.
Installing the SG probe can be difficult depending on
Restrictions of o - the soil structure e.g. stones, rocks or hard soil
c sampling blocking the probe. For TC trees need to be present
o ) -
% and the method is not useful indoors.
o Only small hand-held equipment is needed for
= Impact on the . S .
Q . sampling. For SG cross-contamination in the soil
2 environment/ +++ ++ - . L
< ) layers due to the drilling can pose a risk and drilling
surroundings . .
into problematic underground as well.
Lower sensitivity of TC may be due to dilution of the
contaminants because roots integrate over large
Sensitivity of the + - capture zones, increased degradation of the
method contaminants in the root zone and in planta or
volatilization of the contaminants from the plant tissue
above ground
Spatial resolution of . - The size of the soil area and the sampling depth can
the method better be adjusted during SG
Mobility of the . .
y +++ ++ Less equipment is needed for TC
method
Applicability at .
P .y Unexplored ordnance, shallow pipes and cables can
problematic +++ -
pose problems for SG, but not for TC
underground
Representation of
) +++ ++ TC have a large root zone..
large soil volumes
Identification of the + it The capture zone of SG depends on the soil porosity
«»  capture zone and volume extracted.
‘G Efforts needed for .
= ; ) + +++ A low DL is needed for TC
g chemical analysis
< The data treatment is identical for SG and TC. The
- Data treatment . . .
. . ++ +++ interpretation of data from TC can be more difficult
L  and interpretation .
[} due to e.g. the effects of the tree species.
% Level of detail + ++ SG can give information in the vertical direction too
n . It can happen that the contaminants in soil or
Potential of false .
) - - - groundwater are not accessible for plant uptake or
negatives . . o
soil gas collection. SG are more sensitive
@ Sampling +++ + Tree coring can be done very rapidly
3 .
O  Analysis ++ ++ Similar
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PCE and TCE are both immiscible witrater and have a giher density than
water; this categorizes them as Dense Non-Aqueous Phase Liquids
(DNAPLS). After a spill, tle compounds will migrat downwards through the
unsaturated zone leaving behind desils of DNAPL (Bourg et al. 1992). In
the unsaturated zone, thessiduals will partly dissolve into the pore water
and volatilize into pore air wherefromeltontaminants came reached by the
tree roots or the soil gas probe (8met al. 1997, Dawson and Pate 1996,
Rivett 1995). In the saturated zone tentaminants will paly dissolve into
the groundwater. A falling gundwater table due toge.transpiration by the
trees will introduce a “new area” ofdhunsaturated zone where contaminants
from the groundwater cawvolatilize into the pore air and migrate upward to
the tree roots or the probe forilsgas sampling (Newell et al. 2015,
Struckhoff et al. 2005).

Soil gas
sampling

Tree core Source
sampling

; Below surface

Vapor

lume
P Residuals FAbove water table

Plume

Pool

Figure 16: Conceptual model of tree coring,ilsgas sampling and the migration and
dissolution of DNAPL in the subsurface.
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4.3.2 Application

Iso-contour maps based on PCE orElConcentrations measured at two
Danish test sites (Grindsted and Piataj) 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

B

Site name:
Grindsted,
Denmark

Compound:
PCE

Geology:
Sandy soil

Groundwater
table:
2.7 m bgs

25m

20 m

2007

2010

2013

2013

Figure 17: Concentration iso-contours of TCECE (B) obtained by soil gas sampling
(mg/n?) and tree coring presented as headspace concentrations in vails with 4.5 ml water
(ug/L) at the Platan test site. The darkest color indicates the highest measured

concentration level and the lightest color thevést detectable concentration.

n.d = not

detected (<detection limit), <Q.L. = detectedt below quantification limit. Modified from

Algreen et allV.
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Good agreement between the resfitsn tree coring and soil gas sampling
was found. Both methods were usefal locating the hot spots, but some
variations were observed as a resultddferent samplingnatrices (wood vs.
pore air) and capture zones. Two obsaoret of distinct differences between
the used methods are worth mentionikgst, by tree more “non-detects” in
the areas with low PCE or TCE contetions in thesubsurface were
obtained. It may be due to: dilution ofetlkontaminants aséhcapture zone of
the tree is much largethan for the soil gasgrobe (cf. Figure 16);
biodegradation of the contaminants i thhizosphere and in plants (Shang et
al. 2001, Newman et al. 1997); or phytbatilization of the contaminants
(Ma and Burken 2003, Burken andoor 1999 and 1998). This indicates
that tree coring is less sensitive thaoil gas sampling. Second, an additional
hot spot in the southern part of thafnvej site was clearly indicated by tree
coring, but only partly indicated by s@as sampling (cf. Figure 17A). Site
investigations have revealed high TC&hcentrations in @ groundwater at a
depth of 8.5-10 m bgs and a low permeadnéd layer in the unsaturated zone
above the water table (Niras 2011). Ther permeable layer likely acts as a
barrier to migration of volatilized coaminants from the groundwater to the
upper unsaturated zone where the gag was sampled (0.8 m bgs). The tree
roots seem to penetrate the low perbleasoil layer, which also have been
seen in other studies (dblesky et al. 2004Canadell et al. 1996). It allows
for uptake of pore air and pore watEom the low permeable layer and
underlying shallow groundwater witltoetaminants. Thisnidicates that trees
may be useful as bio-inchtors for contaminants ithe unsaturated zone as
well as in the groundwater (Larse2008, Sorek 2008), whereas soil gas
sampling is limited to the unsaturated zone.

The precisions of the two methodsskd on ten samples at one sampling
point differ significantly. The measuretbncentrations by tree coring were
between 20.4ug/L and 155ug/L (mean; 79.5ug/L) with a relative percent
difference (RPD) of 52%. For soil gasngaling the measured concentrations
ranged from 7.90 mg/fo 10.1 mg/m (mean; 8.99 mg/M with a RPD of 8
% (Algreen et allV). The low precision of treeoring is not surprising as
tree cores collected fromlifferent locations arounthe circumference of the
stem are connected to different gardf the root system and therefore
represent different partsf the subsurface (Limmeet al. 2013, Holm and
Rotard 2011). Also, various transpi@at rates due to different sun light
exposure can cause concentratiorffedence around the tree (Larcher 1995).
In addition, the calculatns are based on ug/L perreon 4.5 ml water and
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the small variations related to the sdenpize and water content of the wood
will affect the precision (Arsen et al. 2008). Hower, during initial site
screenings the focus is dime identification of contamated areas rather than
on the precision (PCE was meaable in d samples).

4.3.3 Investigation costs

The consideration of reted expenses is also aimportant aspect for
choosing the screening method, becauseally only a limited budget is
available for site investigations (sesection 1.1.2 and 1.3). The costs for
one day of sampling by the two methodee similar, but the number of
samples obtained differs. For tree corid@,trees can be sampled in one day,
whereas soil gas sampling is more tisensuming and only 15 samples can
be collected in the santemeframe. If the cost eshate is based on identical
numbers of sampling points, the price sil gas sampling iswice that of
tree coring (Algreen et alV). In addition, due to the relatively large root
system a greater soil volume can beesoed by the use of tree coring.

4.4 Comparison of tree coring results to other

screening methods

The results obtained from tree coring asscreening tool for chlorinated
solvents has also beenmspared to results from more advanced direct-push
technologies. Rein and coerkers (2015) have comaped tree coring with
direct-push sampling of shallow gredwater. The results reveal good
agreement between thensples collected in arsawith high groundwater
concentrations and less agreement aarwith lower cocentrations. At all
points where TCE was measured ie firoundwater, the compound was also
detected in the wood (nol§® negatives). In additiorthe trees also indicate
contamination in areas inaccessible foe direct push equipment (wetland).
Larsen and co-workers (2008) havengmared tree coring with the direct-
push-based technology MIP. MIP imstgations were applied in the
potentially contaminated areas whereopitree coring had shown relatively
high concentrations in the wood very strong correlation was found
between the results frothe MIP investigations and the tree coring.

Tree coring at BTEX contaminated sitbas also been owared to results
obtained by parallel sampling of saglas, direct-push based groundwater
sampling and other direct-puséchnologies by Algreen et alll(). Based on
the concentration iso-contours a goagreement between the methods was
found. In addition, high rank correlahs between soil gas sampling and tree
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core sampling by willows were foundrinally, some correlation was found
between tree coring, groundwater rtonng and soil gasampling (Algreen
etal.lll ).
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5 Conclusions and recommendations

The first objective of this PhD project wastest the feasibily of tree coring
for heavy metals Investigations showed thdhe evaluation of the wood
concentrations had to be based onaistical comparison of concentrations
in wood from the potentiall}contaminated test sit@ith concentrations in
wood from a reference site. Field irstgations revealed significantly
elevated Zn, Cu, Cd and Ni wood contrations from treegrown at a highly
contaminated site (concentrations abdlie Danish cutfb criteria). Trees
from moderately to lightl}contaminated sites (above the soil quality criteria,
but below the cut-off crdria) had less or no sidgmantly elevated heavy
metal concentrations in the woodngales compared tsamples from the
reference sites. The coantrations in wood couldot be linearly correlated
with concentrations in soiljeither with the total sbconcentrations nor the
concentrations in the solution. Amortige tested tree ggies, willows and
poplars took up heavy metdlsthe highest concertions, and the difference
in wood concentrations from the tesite and a reference site was more
pronounced for willows than for poplars.

The second objective of this PhD projegas to test thdeasibility of tree
coring forBTEX compounds. The use of treericlg as a screening tool for
BTEX is challenged by natural atteation, including biodegradation and
volatilization of the compounds, selting in relatively low wood
concentrations which can lead tolsa negatives. False negatives were
observed at sites with a deepemlyigroundwater tabland low permeable
soil layers. However the method showedbw useful to loate contaminated
areas on locations with shallow graiwater tables. Additional challenges
may be cross-contamination from e.g. @@sulting in false positives; control
samples are therefore recommend&dhong the tested ggies, both poplars
and willows were able to detectomtaminated areasvith the highest
concentrations measured in willowSignificant rank-caelations between
wood concentrations ancbncentrations measured soil, groundwater and
soil gas were found in some cases.

The third objective of tis PhD project was t@ompare the feasibility of
tree coring to soil gas sampling which was based on measurements of
chlorinated solventsGood agreement was found between the screening
results, although the satigity and precision of treeoring were lower than
that for soil gas sampling. However ttree roots seem abte penetrate low
permeable soil layers, which allowsontaminant uptake by trees from
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underlying soil layersor shallow groundwaterThe results from the two
methods showed them to be complemaentof one another. Therefor choice
between either methods should Ib@ased on the purpose of the site
investigation and the specific sitmnditions. Tree corings preferred over
soil gas sampling for initial & screenings; particularlpt large sites, at sites
where drilling can be risky, at sitegth low permeablesoil layers, wetlands
or at sites inaccessib¥th heavier equipment.

The last objective of this Phproject was to investigate tiAH uptake into
plants from different soil matrices ®stimate if tree coring could be useful
for PAHSs. It was found that the plant uptake of PAHs was controlled by
the soil nor the bioavailable concertoms in the soil, and that the PAH
content in plant tissues above groumds more affectethy deposition from
air. This makes the use tifees as bio-indicatof®r PAH contamination in
the subsurface impractical.

The overall aim of testing the feasibilif tree coring was to obtain more
efficient site investigions when dealing with contaminated sitBased on
the knowledge acquired during this PhD project tree coring is found
valuable as an initial seening method to locat@ctaminated areas by which
the risk of overlooking contaminationsreduced principallat large sites or
at sites where historical information fisund to be insufficient. The purpose
of tree coring should be to focus mdrevasive or costly methods, such as
direct push technologies, borehole dnyfs and installatin of groundwater
monitoring wells. It can lead to moneliable site invesgations without
considerable cost elevation. Tremoring is highly recommended as a
commercial screening tool to locat®entaminated areas and in particular
unknown source areas with chlorinatedvsats. It is also recommended to
implement tree coring as a screenitogl for BTEX, where additional field
sampling can clarify for which siteoaditions the method is reliable. Tree
coring will usually not besuperior over soil sampig for screening of heavy
metals, because the benefits of treermpiis not sufficienivhen compared to
the uncertainties associatedth the method. Excemns can be at rocky
sites, at site where drill poses a rigsk urban areas with inaccessible soil.
Tree coring is not found recommendabka bio-indication for elevated PAH
concentrations in soil.
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